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Methods for Calculating a Simplified Hydrologic Source Term for
Frenchman Flat Sensitivity Studies of Radionuclide Transport

Away from Underground Nuclear Tests

1. Introduction

 The purpose of this report is to provide an approach for the development of a simplified
unclassified hydrologic source term (HST) for the ten underground nuclear tests conducted in the
Frenchman Flat Corrective Action Unit (CAU) at the Nevada Test Site (NTS). It is being
prepared in an analytic form for incorporation into a GOLDSIM (Golder Associates, 2000) model
of radionuclide release and migration in the Frenchman Flat CAU. This model will be used to
explore, in an approximate and probabilistic fashion, sensitivities of the 1,000-year radionuclide
contaminant boundary (FFACO, 1996; 2000) to hydrologic and other related parameters.

 The total inventory (or quantity) of radionuclides associated with each individual test,
regardless of its form and distribution, is referred to as the radiologic source term (RST) of that
test. The subsequent release of these radionuclides over time into groundwater is referred to as
the hydrologic source term (HST) of that test (Tompson, et al., 2002). The basic elements of the
simplified hydrologic source term model include

• Estimation of the volumes of geologic material physically affected by the tests.

• Identification, quantification, and distribution of the radionuclides of importance.

• Development of simplified release and retardation models for these radionuclides in
groundwater.

 The simplifications used in the current HST model are based upon more fundamental
analyses that are too complicated for use in a GOLDSIM sensitivity study. These analyses are
based upon complex, three-dimensional flow and reactive transport simulations summarized in
the original CAMBRIC hydrologic source term model (Tompson et al., 1999), unclassified
improvements of this model discussed in Pawloski et al. (2000), as well as more recent studies
that are part of an ongoing model of the HST at the CHESHIRE test in Pahute Mesa (Pawloski et
al., 2001).
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2. Test Configurations, Radionuclide Inventories and Their Distribution

 The ten underground nuclear tests associated with the Frenchman Flat CAU (conducted
in Areas 5 and 11 at the NTS) are summarized in Table 2.1. They were located in alluvium, with
the exception of PIN STRIPE, which was in a chemically similar volcanic tuff formation.
Following Underground Test Area (UGTA) programmatic decisions, we assume that the cavity,
melt glass, and exchange volume of each test—where radionuclide inventories are
concentrated—lie in the saturated zone, beneath the static water table.

2.1 Parametric Test Information

 The volumes of geologic material affected by a test explosion must be determined in
order to estimate the initial locations and distribution of radionuclides. Since the appropriate
parametric data used to describe these volumes are determined from yield, the tests have been
arranged into three groups (A, B, or C) in which the yields (and, thus, the volumes) are equal, or
nearly so, as indicated in Table 2.1. Note that in most cases the announced yield is a range and
that the upper limit of this range was used to evaluate various yield-dependent parameters and
identify the A, B, and C groups.

Table 2.1. Underground nuclear tests conducted in the Frenchman Flat CAU, in order of announced yield
range, and related parametric information. Row shading demarcates 3 groups of tests with unique melt
glass (Vg) and exchange volume magnitudes (Ve).

Group Namea
Test datea

(m–d–y)

Ann.
yield
range
(kt)a

Est. depth
to working

point, h
(m)b

Est.
cavity
radius,
Rc (m)c

Est. melt
glass

mass, Mg

(kg)d

Est. bulk
melt glass
volume, Vg

(m3)e

Est. bulk
exchange

volume Ve (m
3)f,g

A CAMBRIC 5-14-1965 0.75 295 11h 5.25 × 105 263 1.88 × 104

B DERRINGER 9-12-1966 7.8 255 29 5.46 × 106 2,730 3.45 × 105

WISHBONE 2-18-1965 <20 175 43 1.4. × 107 7,000 1.12 × 106

DILUTED WATERS 6-16-1965 <20 193 42 1.4. × 107 7,000 1.05 × 106

MILK SHAKE 3-25-1968 <20 265 39 1.4. × 107 7,000 8.39 × 105

PIN STRIPE 4-25-1966 <20 296 38 1.4. × 107 7,000 7.76 × 105

NEW POINT 12-13-1966 <20 239 40 1.4. × 107 7,000 9.05 × 105

DIANA MOON 8-27-1968 <20 242 40 1.4. × 107 7,000 9.05 × 105

MINUTE STEAK 9-12-1969 <20 265 39 1.4. × 107 7,000 8.39 × 105

C

DIAGONAL LINE 11-24-1971 <20 264 39 1.4. × 107 7,000 8.39 × 105

a USDOE (2000).
b USDOE (1999).
c Based upon maximum yield and Equation 2.1 with rb = 2.1 g/cm3.
d Based upon maximum yield and 700,000 kg-glass per kiloton of yield.
e Based upon maximum yield and Equation 2.2 with rg= 2.5 g/cm3 and fg = 0.2.
f Based upon a sphere of radius 1.5 Rc (Section 2.1).
g Mean cavity radius for a group ‘C’ test, 40 m, leads to mean value of Ve = 9.05 x 105 m3.
h Measured value (Hoffman et al., 1977).
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 The cavity radius (Rc) for each test may be estimated from (Pawloski, 1999)

R
y

h
c

b

≈
( )
70 2 1 3

1 4

. /

/
ρ

(2.1)

 where y is the test yield (in kt), h is the working point depth (in m), and ρ
b
 is the bulk density

(Mg/m3 or g/cm3) of the overlying materials—assumed here to be approximately 2.1 g/cm3 for
all Frenchman Flat tests. Estimates of Rc for each test in the Frenchman Flat CAU are provided
in Table 2.1. When the yield is shown to be a range, the maximum value was used. The value of
Rc shown for the CAMBRIC test was measured (Hoffman et al., 1977).

 The melt glass is known to be a heterogeneous brecciated mixture of vesicular and
massive glass in which the heavier radionuclides are preferentially sequestered. The amount of
melt glass (Mg) produced in a test is related to the yield of the test. Approximately 700 metric
tons (700,000 kg) of glass are typically produced per kiloton of test yield (Pawloski, 1999). The
bulk volume (Vg) of the melt glass zone can thus be estimated from

V
M y

g
g

g g g g
=

−
=

⋅
−ρ φ ρ φ( )

,  
( )1

700 000
1

(kg/kt)
. (2.2)

 The bulk volume is a function of the interstitial porosity (φ) and intrinsic density (ρ) of the glass.
Using an intrinsic glass density of ρg = 2.5 g/cm3 (i.e., 2,500 kg/m3), an assumed glass porosity
of φg = 0.2, and the upper bound of the yield estimates shown in Table 2.1, the estimated amount
of melt glass and the bulk glass volume associated with each test can be computed from (2.2) and
is shown in Table 2.1.

 The volume of rubblized and contaminated rock typically extends beyond the cavity to
points ranging between 1.3 to 2 Rc away from the working point (Borg, 1976). Pawloski (1999)
recommends use of a value of 1.5 Rc to estimate the size of the “damaged zone.” For our current
purpose, this zone will be considered equivalent to the “exchange volume” in which
radionuclides are initially confined, and will be approximated as a sphere centered on the
working point with a radius equal to 1.5 Rc. Estimates of its volume (Ve) using this relationship
and the values of Rc shown in Table 2.1 are also shown in Table 2.1.

2.2 Radiologic Source Term Inventory and Distribution Information

 Although the radiologic inventory (or radiologic source term, RST) for each underground
test in Frenchman Flat is classified, the total inventory for all underground tests in Frenchman
Flat has recently been declassified and is reported in Bowen et al. (2001).

 As a means to identify the most important radionuclides for this study, we considered
those listed in the Bowen et al. (2001) tabulations as the most relevant candidates (Table 2.2).
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These should not be considered an exhaustive list of all possible test-related radionuclides, but,
rather, those with sufficiently long half-lives and abundance to be of regulatory concern over the
next 1,000 years, as discussed by Wild et al. (1998) and Bowen et al. (2001). If desired, this list
could be shortened in a systematic way using a procedure like that employed in Pawloski et al.
(2002) and summarized by Daniels et al. (2001).

 An average inventory for each radionuclide in Table 2.2 was found by dividing the total
Frenchman Flat inventory reported in Bowen et al. (2001) by 10, as shown in Table 2.2. These
values are decay corrected to September 23, 1992. As in Pawloski et al. (2002), the average
inventory data may be applied as an unclassified RST at each testing site in Frenchman Flat, as
long as it is understood that they do not represent the inventory of any specific test in Frenchman
Flat. In the specific case of the CAMBRIC test, unclassified inventory estimates for some
radionuclides (e.g., 3H, 85Kr, 90Sr, 99Tc, 137Cs, 238U, and 239Pu) have been developed via other
means (see Tompson et al., 1999) and may, instead, be considered as components of an
unclassified RST at CAMBRIC.

 The distribution of radionuclides between the melt glass and exchange volume can be
estimated from the thermodynamic properties of the elements and diagnostic test data.
Recommended values in Table 2.2 are derived from IAEA, (1998a) and include separate “water”
and “gas” phase categories. In the current work, inventory fractions assigned to the “rubble,”
“water,” and “gas” phases will be combined and assumed to be uniformly distributed within the
groundwater of the exchange volume1. The combined amount of radionuclides assigned to the
groundwater may be further subdivided into dissolved and sorbed components, to the extent that
sorbing minerals exist in the exchange volume and to the extent that the particular radionuclides
partake in sorption reactions.

 It should be noted that the reported inventories of 40K, 232Th, 234U, 235U, and 238U include
estimates of their natural (non test-related) abundance that was incorporated in melt glass. With
the exception of 40K, the amount of these radionuclides that is either natural or test-related in
origin has not been determined (although it has in the case of the unclassified Pahute Mesa
inventory, Smith, 2001). Because 40K is entirely of natural origin, it will not be considered
further as a component of the source term.

 

                                                  
1  This differs slightly from the initial radionuclide distribution method used in Tompson et al. (1999) but does not result in a
significant change in radionuclide breakthrough.
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Table 2.2. Average molar inventories (N) of 44 candidate radionuclides for the 10 underground
tests in Frenchman Flat, corrected to September 23, 1992. With the exception of 150,152Gd, these
were derived from the data in Bowen et al. (2001). Their initial distribution among the melt glass,
rubble (exchange volume), gas, and water phases is shown. Isotopes in unshaded rows decay
to stable nonradioactive daughter products and have no decay-related parents. Isotopes in
shaded rows are part of important decay chains (see text). Since 40K is entirely of natural origin,
it is not considered a member of the RST (see footnote d). 150, 152Gd were identified as additional
and potentially important members of the RST (see footnotes g, i) even though they were not
reported in Bowen et al. (2001).

Distribution of total inventory (%)

RN Half life (y)a

Average
radiologic

inventory, N
(mol) Melt glass Rubble Gas Water

3H 12.3 0.601 0 0 2 98
14C 5.73 x 103 0.106 0 10 80 10
26Alb 7.30 x 105 1.40 x 10-3 95 5 0 0
36Cl 3.01 x 105 0.750 50 40 0 10
39Arc 269 4.64 x 10-4 0 10 80 10
40Kd 1.28 x 109 5.86 x 102 100d 0d 0 0
41Ca 1.03 x 105 1.88 70 30 0 0
59Ni 7.6 x 104 0.0348 95 5 0 0
63Ni 100 4.70 x 10-3 95 5 0 0
85Kr 10.7 3.87 x 10-4 0 10 80 10
90Sr 29.1 0.0151 40 60 0 0
93Zr 1.50 x 106 0.0470 95 5 0 0
93mNb 16.1 0.0 95 5 0 0
94Nbe 2 x 104 3.90 x 10-3 95 5 0 0
99Tc 2.13 x 105 0.0696 80 20 0 0
107Pd 6.5 x 106 0.0355 70 30 0 0
113mCd 14.1 1.18 x 10-5 70 30 0 0
121mSn 55 2.53 x 10-4 60 40 0 0
126Sn 1 x 105 5.73 x 10-3 70 30 0 0
129I 1.57 x 107 0.0199 50 40 0 10
135Cs 2.3 x 106 0.0876 20 80 0 0
137Csf 30.2 0.0424 20 80 0 0
151Sm 90 7.42 x 10-3 95 5 0 0
150Gdg,h 1.8 x 106 1.73 x 10-12 95 5 0 0
150Euh 36 9.93 x 10-8 95 5 0 0
152Gdh,i 1.1 x 1014 0 i i i i

152Eu 13.5 2.87 x 10-3 95 5 0 0
154Eu 8.59 6.30 x 10-4 95 5 0 0
166mHoh 1.2 x 103 6.80 x 10-4 95 5 0 0
232Thj 1.4 x 1010 4.68 x 102 95 5 0 0
232Uj 70 2.01 x 10-7 90 10 0 0
233U 1.59 x 105 5.94 x 10-5 90 10 0 0
234Uk 2.46 x 105 0.0297 90 10 0 0
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Table 2.2 (continued).

Distribution of total inventory (%)

RN Half life (y)a

Average
radiologic

inventory, N
(mol) Melt glass Rubble Gas Water

235Uk 7.04 x 108 1.69 90 10 0 0
236U 2.34 x 107 1.96 x 10-3 90 10 0 0
238Uk 4.47 x 109 11.9 90 10 0 0
237Np 2.14 x 106 8.25 x 10-3 95 5 0 0
238Puk 87.7 7.93 x 10-3 95 5 0 0
239Pul 2.41 x 104 9.54 95 5 0 0
240Pul 6.56 x 103 0.640 95 5 0 0
241Pul 14.4 0.0178 95 5 0 0
242Pul 3.75 x 105 3.02 x 10-3 95 5 0 0
241Amm 433 0.0608 95 5 0 0
243Amm 7.37 x 103 0.0 95 5 0 0
244Cmm 18.1 0.0 95 5 0 0

a Half-lives taken from Walker et al. (1989). In our 1,000-yr HST calculations, we consider a radionuclide to be
“effectively stable” if its half-life is > 6580 years. The half life and decay rate are related by l = ln(2)/t1/2.

b Distribution data for 26Al were not listed in IAEA (1998a). An analysis of its boiling point indicates that it is likely a
refractory isotope and is analogous in its distribution to the rare-earths and uranium.

c Distribution data for 39Ar were not listed in IAEA (1998a) and were assumed to be equal to 85Kr.
d The reported inventories of 40K, 232Th, 234U. 235U, and 238U include estimates of their natural (non test-related)

abundance that was incorporated in melt glass. With the exception of 40K, the amount of these radionuclides that is
either natural or test-related in origin has not been determined. Because 40K is entirely of natural origin, it will not be
considered further as a component of the source term.

e Distribution data for 94Nb were not listed in IAEA (1998a) and were assumed to be equal to 93Nb.
f Distribution data for 137Cs were assumed equivalent to those for 135Cs to simplify model calculations.
g Because of its alpha emission, 150Gd (t1/2 = 1.8 x 106 y) was identified as a potentially important member of the RST,

even though it was not reported in Bowen et al. (2001). 150Gd is created from decay of 150mEu (t1/2 = 12.6 h), which is
originally generated as 30% of the total 150+150mEu production (D. K. Smith, personal communication). The reported
value of 150Eu represents the longer-lived 70% fraction (t1/2 = 36 y). The 30% 150mEu fraction was excluded from the
Bowen et al. (2001) report because of its short half-life, even though it was included in the unclassified Pahute Mesa
inventory reported by Smith (2001).

h Distribution data for 150Gd and 166mHo were not listed in IAEA (1998a) and were assumed to be equal to 152Eu.
I 152Gd (t1/2 = 1.1 x 1014 y) was identified as a potentially important daughter product of 152Eu. Since it has no initial

abundance, its distributional characteristics were assumed to parallel those of its parent, 152Eu.
j Distribution data for 232Th were not listed in IAEA (1998a) and were assumed to be equal to 229Th.
k Distribution data for these U isotopes were not listed in IAEA (1998a) and were assumed to be equal to those for 233U

and 236U.
l Pu and Am distributions were more conservatively estimated at 5% in rubble instead of 2%.
mDistribution data for 243Am and 244Cm were not listed in IAEA (1998a) and were assumed to be equal to 241Am.

2.3 Radioactive Decay

 Radioactive decay and ingrowth must be considered in order to (a) identify whether any
important daughter products need to be addressed as members of the RST, and (b) determine
whether coupled ingrowth and decay affect the relative abundance of any RST radionuclides.

 By definition, all 44 radionuclides in the RST of Table 2.2 will undergo some form of
radioactive decay. A total of 20 radionuclides with low to intermediate atomic numbers (<80)
will decay into stable, nonradioactive daughter products and have no parent radionuclides in the
RST. An additional four members of the RST decay into short-lived radioactive daughter
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products, which, in turn, decay into stable granddaughters. These short-lived intermediaries will
exist in secular equilibrium (Friedlander et al., 1981), and will not be considered because their
abundance can independently be computed in terms of their parents’ abundance. Nineteen of the
heavier radionuclides in the RST are members of nine additional coupled decay chains that need
to be considered more carefully in terms of items (a) and (b) above. Their consideration has led
to the inclusion of an additional radionuclide that was identified as a potentially important
daughter product, albeit previously unreported. The 13 decay chains are discussed in
Appendix A.

 Based upon discussion in Pawloski et al. (2002) and Appendix A, we recommend for the
1,000-year simplified source term analysis that:

• The decay of RST radionuclides with stable, nonradioactive daughter products and no
parent radionuclides be addressed in a post-processing step, after transport
calculations have been finished (Tompson et al., 1999). These radionuclides are
indicated by the unshaded rows of Table 2.2.

• Radionuclides with half-lives greater than a critical value of 6,580 years be
considered “effectively” stable2. This means that the coupling between decay and
ingrowth in the 13 decay chains discussed in Appendix A can be limited to the 10
radionuclides that appear in the following four abridged chains:

152Eu (28%) → 152Gd (effectively stable)
241Pu → 241Am → 237Np (effectively stable)
238Pu → 234U (effectively stable)
244Cm → 240Pu → 236U (effectively stable)

• The parent nuclides in these chains, above the effectively stable daughters, are listed
in the darkly shaded rows of Table 2.2. Their decay must be treated in a real-time
fashion in order to determine the ingrowth of the daughter radionuclides. Notably,
only one derivative radionuclide arises at the end of this process. 152Gd, in bold, is
produced from the decay of 152Eu along a 28% branch ratio, and has no initial
abundance. It represents an additional—or derivative—member of the RST that was
not listed in Bowen et al. (2001). The remaining 72% of 152Eu decays to a stable,
nonradioactive daughter product.

• The decay of all remaining radionuclides in the lightly shaded rows of Table 2.2 can
also be addressed in a post-processing step, after transport calculations have been
finished (e.g., Tompson et al., 1999). This is because (a) they may be considered
effectively stable or (b) we are ignoring intermediary daughter products because they
are short-lived.

                                                  
2 The original inventory of a radionuclide that meets this criterion will be reduced by less than 10% over a 1,000-
year period. Although decay of such a radionuclide will not contribute to substantial ingrowth of daughter products
over this period,  the daughters will exist in small amounts, and may need to be considered further.
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3. Radionuclide Release from the Exchange Volume and Melt Glass

3.1 Initial State

 We assume an initial state in which the respective fractions of the RST (Table 2.2) are
uniformly distributed within the melt glass and exchange volume of each test. This comprises the
initially contaminated region for each test. In this work, inventory fractions assigned to the
“rubble,” “gas,” and “water” phases are combined and assigned to the exchange volume, where
they are distributed among aqueous and sorbed states in alluvium as described below.

3.2 Release Simplifications

 The release of radionuclides from the glass and exchange volume will be influenced by
groundwater flow and transport processes, geochemical behavior associated with ion exchange
and surface complexation onto geologic media, aqueous speciation and precipitation reactions,
and dissolution of melt glass. Although these processes can be rather complex (e.g. Tompson et
al., 1999), we will assume that they can be simplified to the extent that

• The temperature is fixed at 25°C such that there are no thermally induced flow effects
or accelerated dissolution processes produced from residual heat of any test (Maxwell
et al., 2000; Pawloski et al., 2001; Tompson et al., 2002).

• Groundwater flow is steady.

• Ion exchange and surface complexation reactions can be described by simple
retardation coefficients that are functions of the geologic medium and ambient
groundwater chemistry.

• Melt glass dissolution is represented by an approximately constant rate and an
unchanging glass porosity of φg = 0.20.

• Radionuclide mineral precipitation/dissolution and formation of radionuclide-sorbing
minerals in the melt glass or elsewhere is ignored.

• Dissolution of naturally-occurring radionuclides (e.g., 232Th, 234U, 235U, and 238U)
from collapsed rubble is not considered, even though their natural abundance in the
melt glass is included in the RST total.

• Diffusive mass transport is not considered, despite the fact that low permeability in
the melt glass (as generally conceptualized) may limit groundwater advection and
increase the relative importance of diffusion as a transport mechanism.

• The near-field alluvium has a porosity of φg = 0.40 and a spatially constant
mineralogic composition.

• The groundwater pH is fixed at a value of 8.0.

 As a result of these assumptions, the mathematics of groundwater flow, chemical
reaction, melt glass dissolution, and their collective interaction will become linear and scalable,
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permitting, for example, modification of the inventories in Table 2.2 for sensitivity analysis
purposes.

 The list of radionuclides in Table 2.2 can be recombined into 11 distinct radionuclide
classes with unique partitioning and sorption characteristics, as shown in Table 3.1. Appendix B
describes in detail how these classes and sorption parameters were defined. For the purposes of
this table, unit molar inventories were assumed in order to simplify the distribution information
shown in the last two columns. Actual distribution information for particular radionuclides can
be found by multiplying the total inventory of that radionuclide (such as found in column 3 of
Table 2.2) with the fractions listed in the last two columns of Table 3.1).

 The sorption information in Table 3.1 is representative of the net effect of all sorbing
minerals  (smectite, illite, zeolite, calcite, and goethite or hematite) identified by x-ray diffraction
in Frenchman Flat alluvium. Individual sorption coefficients were derived for each sorbing
mineral and radionuclide pair, as shown in Tables B.3 and B.4 in Appendix B, and recombined
into one effective value shown in the “Log10 Kd

i ” columns of Table 3.1. Different effective
values of the Kd parameter are provided depending on whether a hematite or goethite form of
iron oxide is used to define the Frenchman Flat alluvium mineralogy. Mean, high, and low
values of the parameter are included in the table for sensitivity study purposes. Because sorption
information for some radionuclides is not available, they are specifically treated as tracer analogs
(e.g., 26Al, 59Ni, 63Ni, 93Zr, 93mNb, 94Nb, 107Pd, 113mCd, 121Sn, 126Sn, and 232Th) or as analogs to
other sorbing radionuclides (e.g., 150,152Gd, 166mHo, and 244Cm).

3.3 Basic Problem Conceptualization

 Our basic conceptualization of groundwater flow through the initially contaminated
region surrounding a typical saturated zone test is shown in Figure 3.1. In this figure, the
exchange volume (which includes the cavity) is shown in yellow, with a bulk volume Ve, while
the melt glass is shown just below it (in blue), with a bulk volume Vg. Groundwater flow through
these regions is assumed to be steady and is shown to be encapsulated within two curvilinear
streamtubes that individually and completely envelop each zone (Tompson et al., 1999). If
diffusive or dispersive mass transport across streamtube boundaries is ignored, the streamtubes
will contain all radionuclides that migrate away from the initially contaminated region, as shown
in the highlighted segments in Figure 3.1 and indicated by radionuclide fluxes Je and Jg.

 Although the total flow rate in each streamtube (Qe and Qg) will be constant, the cross-
sectional area (Ae and Ag) and Darcy flux (qe and qg) along the axis of each streamtube may vary
with position, owing to the effects local medium heterogeneity. As shown in the individual
panels of Figure 3.1, fundamental contrasts in hydraulic conductivity between the background,
undisturbed media (K), exchange (and cavity) volumes (Ke), and melt glass region (Kg) give rise
to streamtubes that converge or diverge about the disturbed zone. In a limiting case (bottom
image), the melt glass is assumed to have virtually no permeability (Kg ~ 0) such that flow is
completely diverted around it.
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Table 3.1. Simplified inventory, with indicated means and (high, low) ranges of log10 Kd
i  for 11 specific

classes of radionuclides.a Note that Kd
i  is an effective value based upon the assumed abundance of all

sorbing minerals (Table B.1). Initial moles expressed per mole inventory and based upon partitioning data
shown in Table 2.2.

Log10 Kd
i  (mL/g)

Initial moles (mol) per
mole inventory

RN
class Component RN analogs

Goethite
alluvium

Hematite
alluvium

Melt glass,
Ng

Exchange
volume, Ne

1 Tracer 1b 0 0 0.0 1.0

2 Tracer 2b      

3H, 14C,
36Cl, 39Ar,
85Kr, 99Tc,
129Ic

26Alc, 59Nic, 63Nic, 93Zrc,
93mNbc, 94Nbc, 107Pdc,
113mCdc, 121Snc, 126Snc,
232Thc

0 0 1.0 0.0

3 41Ca 2.4  (2.4, 2.4) 2.4  (2.4, 2.4) 0.70 0.30

4 90Sr 2.5  (2.5, 2.4) 2.5  (2.5, 2.4) 0.40 0.60

5 135,137Cs 3.0  (3.0, 2.2) 3.0  (3.0, 2.1) 0.20 0.80

6 151Sm 4.6  (5.6,3.5) 4.4  (5.3, 3.4) 0.95 0.05

7a 150,154Eu 150,152Gdd,e, 166mHod

7b 152Eu

7c 244Cmd

4.2  (5.3, 3.1) 3.9  (4.9, 2.9) 0.95 0.05

8 232,233,234,235,236,238U 2.9 (3.8, 2.1) 1.7  (2.6, 0.9) 0.90 0.10

9 237Np 2.3 (3.2, 1.6) 1.5  (2.4, 0.7) 0.95 0.05

10a 239,242Pu

10b 238Pu

10c 240Pu

10d 241Pu

3.0 (4.0, 2.0) 2.0  (3.0, 1.0) 0.95 0.05

11a 243Am

11b 241Am
4.3 (5.2, 3.5) 4.2  (5.1, 3.3) 0.95 0.05

a Note that the familiar “retardation factor” can be written as R Ki b d
i= +1 ρ φ/  where φ =0.4 and ρb = 2.1 g/cm3 are the porosity and

bulk density of the alluvium.
b The behavior of non-sorbing radionuclides is described by defining two tracers of unit mole inventory  in the melt glass and

exchange volume, respectively.  The behavior of each non-sorbing radionuclide can be determined by proportionally combining
results for each tracer and then accounting for decay.

c 26Al, 59Ni, 63Ni, 93Zr, 93mNb, 94Nb, 107Pd, 113mCd, 121Sn, 126Sn, and 232Th are described as tracers because their reactive transport
behavior has not been determined, even though many (e.g., 113mCd and 232Th) are expected to be highly sorbing.

d 150,152Gd, 166mHo, and 244Cm sorption behavior is assumed to be equivalent to that of Eu.
e There is no initial abundance of 152Gd; it is only produced by ingrowth.
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Qblock

Qblock

Qblock

Undisturbed �
medium (K)

Exchange volume, Ve (Ke)

Melt glass �
volume, Vg (Kg)

�

K = Kg = Ke

K  > Ke > Kg

Ke > K > Kg

Ke > K >> Kg

Qe = qeAe = φveAe

Qg = qgAg = φvgAg

Qe

Qe

Qe

Qg

Qg

Qg ~ 0
Jg ~ 0

Qblock

Je

Je

Je

Je

Jg

Jg

Jg

Figure 3.1. Basic conceptualization of steady ambient groundwater flow through the
exchange (and cavity) volumes and melt glass region of a typical saturated zone test.
Flow is shown to occur through two distinct streamtubes with variable cross sectional
areas (Ae and Ag) and Darcy fluxes (qe and qg), yet fixed total flow rates (Qe and Qg).
Radionuclide fluxes (Je

 and Jg) are constrained to streamtube volumes. Contrasts in
hydraulic conductivity give rise to streamtubes that converge or diverge about the
disturbed zone. In the bottom figure, melt glass is assumed to have little or no
permeability around which flow is diverted, minimizing radionuclide releases. Larger-
scale fluxes (Qblock) may pertain to grid-block fluxes calculated in a CAU-scale model.
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 Flows in the streamtubes should be distinguished from the larger-scale flows through the
bounding block of each image (Qblock) which may pertain to quantities calculated in a larger-
scale (e.g., CAU) model. Because of local heterogeneity, determining one of these flow rates
from the other (via scaling arguments, for example) should be carefully considered. Moreover,
radionuclide concentrations in each streamtube (and their corresponding fluxes) must be properly
calculated and understood before they are scaled and re-incorporated into any such larger-scale
groundwater flow and transport model.

 In the current simplified model, radionuclide migration within each curvilinear
streamtube is conceptualized in a one-dimensional sense in terms of cross-sectionally averaged
concentrations and flow rates. Under this assumption, the transport equation for radionuclide i in
either streamtube takes the form

 

φ
∂
∂

φ
∂
∂

φ
∂
∂

∂
∂

υ
c
t R

c
s R s

D c
s

ri

i

i

i

i
i g+ −









 =

v v

v
  , (3.1a)

 where s is the spatial coordinate along the streamtube and an appropriate representation of the
gradient operators in a curvilinear coordinate system has been used (e.g., Gelhar and Collins,
1971).

 In this equation, v  is the seepage velocity (m/y) along the streamtube axis, q v= φ  is
the corresponding Darcy flux magnitude (m/y), c s ti( , )  is the aqueous concentration of
radionuclide i  (mol/m3-fluid) in groundwater, and D DL m= +α v  is the local longitudinal
coefficient of hydrodynamic dispersion. Here, αL is the longitudinal (macro) dispersivity and Dm

is an effective molecular diffusivity of the radionuclide. The corresponding sorbed concentration
(mol-sorbed/m3-fluid) is denoted by c s ti

s ( , ) . The quantity Ri is a local retardation factor
(dimensionless) associated with radionuclide i in alluvium, which can be related to an effective
distribution coefficient Kd

i  (mL/g) for radionuclide i in alluvium using R Ki b d
i= +1 ρ φ/ . The

quantity υi gr  represents the rate of radionuclide release (mol/m3-y) in the melt glass, as defined
in Appendix A, and takes on a zero value elsewhere.

 In cases where Dm L<< α v , Equation 3.1a can be reexpressed in terms of the constant
streamline flux, Q, as

∂
∂ φ

∂
∂

α
φ

∂

∂
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φ
c
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Q
A R

c
s

Q
A R

c

s

r

A
i

i

i L

i

i i g+ ⋅ − ⋅ =
2

2
(3.1b)

 where Q A A= =q vφ  and A is the cross-sectional area of the streamtube and αL is assumed
constant.
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 To further simplify this conceptualization, we will assume that the exchange volume and
melt glass regions of each test occupy “cubic-shaped” regions that preserve the volumes Ve and
Vg cited in Table 2.1. We will also utilize a more localized perspective of the system, as shown in
Figure 3.2. Because of this smaller scale, the cross sectional areas, Darcy fluxes, and
groundwater velocities will be assumed constant over the streamtube lengths shown in this
figure.

 In the following sections, we will separately consider the flux of radionuclides past the
control plane from each streamtube under the assumptions listed in Section 3.2.

Melt glass �
volume, Vg

Exchange volume, Ve

Le ~ Ve
1/3 

Lg ~ Vg
1/3 

Darcy flux, qe �
Velocity, ve�
Area, Ae

Breakthrough plane

Depth�
of burial, h

Ground surface

Water table

Darcy flux, qg�
Velocity, vg�
Area, Ag

s

s

Alluvium
Qe = qeAe = φveAe

Qg = qgAg = φvgAg

Figure 3.2. Conceptual model of the exchange volume and melt glass volume
used for the simplified source term model in this report. The volumes are placed
adjacent to a control (or breakthrough) plane across which radionuclide release
fluxes are determined. Groundwater flow occurs in two streamtubes, one passing
through each volume.
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3.4 Release from the Exchange Volume

 Radionuclide releases from the exchange volume will be controlled by the groundwater
velocity (ve) or flux (Qe) through the volume, the initial abundance or concentration of each
radionuclide in the volume ( )ci

e , and the chemical retardation factor, RI, (or Kd
i  value)

associated with each radionuclide. The melt glass dissolution rate υi gr  plays no role in this
process because the exchange volume streamtube does not pass through melt glass. Assuming
that the radionuclides in the exchange volume are homogeneously distributed initially, their flux
( Ji

e) out of the volume (mol/y) past the breakthrough plane shown in Figure 3.2, uncorrected for
decay, is given by

J s t Q c A ci
e

b e i
e

e e i
e( , ) ≈ = ⋅φ v  for 0 < <t R Li e e/ v (3.2a)

 and

J s ti
e

b( , )  ≈ 0 for t R Li e e> /  v (3.2b)

 where ci
e  is the initial aqueous concentration within the volume, ve is the groundwater velocity

at the control plane location sb( ), Le and Lg are the lengths of the exchange and melt glass
volumes intersected by the streamtubes, and Ae  is the cross-sectional breakthrough area (m2) of
the exchange volume streamtube at the control plane location. Here, we approximate the
magnitude of Ae  by the 2/3 power of Ve, and the magnitudes of Le and Lg by the 1/3 power of Ve
and Vg, respectively (see Figure 3.2).

 The initial aqueous concentration in the exchange volume can be determined from

c t
N
V Ri

e e
i

e i
x ∈ =( ) = ⋅exchange volume, 0

1
φ

(3.3a)

 where Ne
i

 is the number of moles assigned to the exchange volume for radionuclide i, and Ri  is
based upon the relevant sorption data (Table 3.1). Because of sorption, the corresponding initial
sorbed concentration will be

c t
N
V

R
Ri

s e e
i

e

i

i

, ,x ∈ =( ) = ⋅
−

exchange volume 0
1

φ
  . (3.3b)

 Table 3.2 lists the initial exchange volume aqueous concentrations (mol/m3) per mole of
inventory for the 11 classes of radionuclides (Table 3.1) that should be applied to each of the
three test groups (Table 2.1), as based upon the mean values for hematite alluvium3. Notice that
for a fixed molar inventory Ne

i , higher values of Ri  lead to smaller, but more long-lived flux
rates out of the exchange volume.

                                                  
3 These values should be scaled to match the specified inventory, whether it is derived from column 3 of Table 2.2
or elsewhere.
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Table 3.2. Initial aqueous concentrations (mol/m3-fluid)a in the exchange volume per mole of
inventoryb for the 11 radionuclide classes and the 3 test groups using Eq. (3.3a). Results based
upon mean Kd for hematite alluvium (Table 3.1), partitioning data (Table 2.2), and mean exchange
volume magnitude, Ve, for test group C (Table 2.1). Porosity value, φ, assumed to be 0.40.

Initial aqueous concentration (mol/m3-fluid)a per mole of inventory

Test group

RN class

Mean
retardation
factorc, R A B C

1 1 1.33 × 10-4 7.25 × 10-6 2.76 × 10-6

2 1 0 0 0

3 1,320 3.02 × 10-8 1.65 × 10-9 6.28 × 10-10

4 1,661 4.80 × 10-8 2.62 × 10-9 9.98 × 10-10

5 5,251 2.03 × 10-8 1.10 × 10-9 4.21 × 10-10

6 131,875 5.04 × 10-11 2.75 × 10-12 1.05 × 10-12

7a

7b

7c

41,703 1.59 × 10-10 8.69 × 10-12 3.31 × 10-12

8 264 5.04 × 10-8 2.74 × 10-9 1.05 × 10-9

9 167 3.98 × 10-8 2.17 × 10-9 8.27 × 10-10

10a

10b

10c

10d

526 1.26 × 10-10 6.89 × 10-10 2.63 × 10-10

11a

11b
104,752 6.35 × 10-11 3.46 × 10-12 1.32 × 10-12

a Division of concentrations expressed in mol/m3  by 1,000 yields concentrations in units of mol/L-fluid.
b The average Frenchman Flat inventory in moles for each radionuclide in the RST is given in Table 2.2.
c The retardation factor is written as R Ki b d

i= +1 ρ φ/  where φ =0.4 and ρb = 2.1 g/cm3 are the porosity and bulk density of

the alluvium. Mean value derived from mean Kd value.

 

 

 The effects of longitudinal dispersion (D) were excluded in (3.2) because of the close
proximity of the control plane to the exchange volume. If, for example, the control plane is
located a distance sc  away from the working point along the streamtube—instead of sb—and the
exchange volume (molar) inventory ( Ne) can assumed to be concentrated at the working point
of the test, then

J s t Q
N A

D t

s V t

D t
i
e

c e
e e

i

c i

i

( , )
/

exp
*

*

*
≈ ⋅

( ) − −























φ

π2 4

2

   for  t > 0  (3.4a)
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 where V Q A Ri e e i
* /= φ  and D Q A Ri e L e i

* /= α φ  are assumed to be approximately constant
(Carslaw and Jaeger, 1989) and ve and Ae  are evaluated at the control plane location.

 Alternatively, (3.4a) can be rewritten as

 

J s t
N

t R

s t R

t Ri
e

c e
e

e L i

c e i

e L i
( , )

/
exp

/

/
≈ ⋅

− −( )















v
v

v

v2 4

2

π α α
   for  t > 0  . (3.4b)

 

 Additional results that reflect the effects of dispersion using a spatially distributed initial
inventory (as in Figure 3.2) can also be developed (e.g., Carslaw and Jaeger, 1989, p 54).

3.5 Release from the Melt Glass

 The flux of radionuclides in groundwater away from the melt glass region will be
controlled by the rate of glass dissolution, rg  and the initial abundance or concentration of each
radionuclide in the glass υi(Appendix C), as well as the actual size or volume of the melt glass
zone.

 The aqueous concentration of a radionuclide within a fluid parcel passing through a
streamtube in the melt glass will increase linearly as a function of the parcel’s residence time in
the glass zone4. Assuming a single “pore volume” of fluid has already moved through the glass,
the exit concentration ci

g  (mol/m3-fluid) of radionuclide i in a parcel exiting the melt glass zone
(or, equivalently, passing by the breakthrough plane in Figure 3.2) can be approximated by

c
L r

i
g g

g

i g≈
v

ν

φ
(3.5)

where Lg is the length of the streamtube (m) lying inside the glass zone (Figure 3.2). This is an

analytic result (see Tompson et al., 1999, Appendix 9) that assumes fixed glass porosity
(Appendix C) and no retardation effects within the glass. It is also uncorrected for the effects of

decay. The flux of this radionuclide ( Ji
g) past the breakthrough plane (mol/y) in Figure 3.2 is

given by

J s t A ci
g

b g g i
g( , ) ≈ ⋅ ⋅φ v (3.6)

 where Ag  is the cross-sectional breakthrough area (m2) of the streamtube passing through the
melt glass. Insertion of Equation 3.5 into Equation 3.6 yields, with some generalization,

                                                  
4 This assumes, of course, that the melt glass dissolution rate is constant and that silica (dissolved glass)
saturation conditions are not reached in the glass (Appendix C). Should this occur, the exit concentration
would be directly proportional (via νi) to the silica saturation value.
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J s t V ri
g

b g i g( , ) ≈ ⋅ν  (3.7)

 where Vg is the bulk volume of the melt glass zone (e.g., Table 2.1). This result indicates that the
radionuclide flux derived from melt glass dissolution will be steady for as long as the dissolution
rate and bulk glass volume can be assumed constant, and that it will not depend on the
groundwater velocity, even though the concentration at the breakthrough plane will.

 Substitution of the simplified rate expression from Appendix C into Equation 3.7 yields

J s t V A ki
g

b g i gb s
m( , ) mod≈ ⋅ ⋅ν ρ (3.8)

where As
m  is the specific reactive surface area of the glass per unit mass (m2-glass /g-glass) and

k mod is the modified glass dissolution rate constant (Appendix C).

 The mole fraction of radionuclide i in the glass (ν i) is equal the ratio of N g
i  to the moles

of glass, which can be computed from the mass of glass, M g , and the formula weight for glass,
f g  (defined here as one mole of glass = 100 g-glass, or 1000 moles of glass = 100 kg-glass),

ν i g
i g

g
N

f

M
= ⋅ . (3.9)

Knowing that ρgb g gM V= /  means that  (3.8) can now be written as

J s t f N A ki
g

b g g
i

s
m( , ) mod≈ ⋅ ⋅ , (3.10)

or, alternatively, as

J s t V A ki
g

b i g s( , ) mod≈ ⋅ ⋅ ⋅ν (3.11)

where Vg is the bulk melt glass volume and As is the specific surface area (per bulk volume,

m2/m3) of the glass.

3.6 Loss of the Melt Glass

 Both (3.10) and (3.11) may also be written simply as

 

J s t A ki
g

b i( , )  mod≈ × ×ν (3.12)

 
where A is the total intrinsic glass area (Appendix C). By recalling the definition of ν i , we see
that the flux of dissolved glass emanating from the melt zone is just
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J s t A k
f

dM

dt
g

b
g

g( , ) mod≈ × ≡ − ⋅
1

(3.13)

 
and is proportional to the overall rate of melt glass dissolution. Although integration of this
expression could be used to estimate the overall lifetime of the glass, it would require a more
careful consideration of how A and k mod vary with M g  and in time, and will not be pursued
here. Our working assumption remains that the magnitudes A and k mod remain approximately
constant and that the volume of glass mass lost over 1,000 years remains small.
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4. Simple Examples

4.1 “Tracer 1” Source Term

 Let us consider the release of “Tracer 1” from the exchange volume of a “Group C” test
(Table 2.1). “Tracer 1” corresponds to “RN Class 1” in Table 3.1. For an initial inventory of one
mole, the initial aqueous concentration of Tracer 1 in the exchange volume will be, from
Table 3.2,

 ce1 ≈ ×2.76  10-6  mol/m3  .

The cross sectional area for the exchange volume streamtube as it crosses the breakthrough plane
can be estimated as the 2/3 power of Ve for a “Group C” test (Table 2.1, footnote g), e.g.,

A Ve e~ ,/2 3 9 356≈  m2  .

 Thus, with φ = 0.4 in the alluvium, we have from (3.2)

J e
1

21 03 10≈ ⋅ × −v .  mol/y    for  0 < <t tmax  , (4.1a)

J e
1 0≈  mol/y    for  0 < <t tmax  , (4.1b)

 where tmax /= 97 (m) v  years and it is assumed that the mean groundwater velocity (|v|) through
the exchange volume is expressed in units of m/y.

4.2 Tritium Source Term

 If we wanted to specifically consider the release of tritium (3H) from a “Group C” test
using the average Frenchman Flat inventory defined in Table 2.2, then (4.1a) can be rescaled to
yield

J JH
e e
3 1

36 19 10= × ≈ ⋅ × −0.601 v .  mol/y  for  0 < <t tmax  . (4.1c)

 This result is based upon the fact that 100% of tritium is partitioned into the exchange volume. In
addition, to account for the effects of decay, we may post-multiply these results by e H t−λ3 ,
where λ3 2 2 3H = ln / .1  y-1.

4.3 “Tracer 2” Source Term

 Let us consider the release of “Tracer 2” from the melt glass of a “Group C” test
(Table 2.1). “Tracer 2” corresponds to “RN Class 2” in Table 3.1. For the melt glass, the release
of Tracer 2 will be defined by (3.10). We will assume nominal values of the glass surface area
and modified dissolution constant (Appendix C) of
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As
m~ 0.0026 m2/g-glass

k mod ≅   5.1 × 10-12 mol-glass/m2-sec

 Table 3.1 indicates that N g
2 = 1.0 moles of Tracer 2 are initially in the melt glass of the Group A

test. Thus, with fg  = 100 g-glass/mol-glass,

J g
2 ≈  1.33 × 10-13 mol/sec = 4.18 × 10-5 mol/y  . (4.2)

4.4 36Cl Source Term

 Consider the release of 36Cl from a “Group C” test. 36Cl behaves as a tracer that is
released both from the exchange volume (like “Tracer 1” above) and melt glass (like “Tracer 2”
above). According to Table 2.2, the actual molar inventory is 0.750 moles, which is split equally
between melt glass and the exchange volume. Thus, its release, not accounting for decay, is
determined from a combination of the results in Sections 4.1 and 4.3, i.e.,

 

 J J JCl
e g

36 1 20 5 0 5 0 75≈ ⋅ + ⋅ ×( . . ) . ,

 or

J Cl36
33 86 10≈ ⋅ × −v .  +  1.57 × 10-5 mol/y   for  0 < <t tmax  , (4.3a)

J Cl36 ≈ 1.57 × 10-5 mol/y   for  t t> max  , (4.3b)

 where tmax /= 97 (m) v  years and |v| is the mean groundwater velocity through the exchange
volume, expressed in units of m/y. To account for the effects of decay, we must multiply these
results by e Clt−λ36 , where λ36Cl = ln (2/3.01 × 105) y-1 although this modification would not alter
the release significantly because 36Cl can be considered “effectively stable” as defined earlier.

4.5 90Sr Source Term
 Let us consider the release of 90Sr from the exchange volume and melt glass of a “Group

A” test (Table 2.1). 90Sr corresponds to “RN Class 4” in Table 3.1, so, for the exchange volume,
the initial aqueous concentration of 90Sr for a unit molar inventory will be, from Table 3.2,

ce
4 ≈ ×4.81  10-8  mol/m3  .

 The cross sectional area for the exchange volume streamtube as it crosses the
breakthrough plane can be estimated as the 2/3 power of Ve for a “Group A” test (Table 2.1),
e.g.,

A Ve e~ /2 3 707≈  m2  .
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 Thus, with φ = 0.4 in the alluvium, we have from (3.2)

 J e
4

51 36 10≈ ⋅ × −v .  mol/y   for  0 < <t tmax  , (4.4a)

 J e
4 0≈  mol/y   for  t t> max  , (4.4b)

 assuming the mean groundwater velocity (v) through the exchange volume is expressed in units
of m/y, where tmax , /= 44 000 (m) v  years.

 For the melt glass, the release of 90Sr will be defined by (3.9). We will assume values of
the glass surface area and modified dissolution rate described in Appendix C,

As
m~ 0.0026 m2/g-glass

k mod ≅   5.1 × 10-12 mol-glass/m2-sec

 Table 3.1 indicates that 40% of the of the 90Sr inventory is initially in the melt glass of the Group
A test. Thus, with fg  = 100 g-glass/mol-glass, we have, for a unit molar inventory,

J g
4 ≈  5.30 × 10-13 mol/sec = 1.67 × 10-5 mol/y  . (4.5)

 Thus, if the actual inventory of 90Sr is defined to be the average Frenchman Flat value of
0.0151 moles, the total release may be expressed as J J JSr

e g
90 4 4 0 0151≈ + ×( ) . , which can be

multiplied by e Srt−λ90  to assess the impacts of radioactive decay, where t is in years and λ90Sr .=
ln(2/29.1) ~ 0.024 y-1.

4.6 237Np Source Term

 As a final example, let us consider the release of 237Np from the exchange volume and
melt glass of a “Group B” test (Table 2.1). Since 237Np is a member of an important decay chain
(Section 2.3),

241Pu → 241Am → 237Np (effectively stable)  ,

its release must be calculated in three separate steps.

4.6.1 Release of the initial 237Np inventory. Here, the release of the initial inventory of 237Np
can be calculated from the glass and exchange volumes in the same way that was used in the
previous examples. This will provide a flux, J J J NNp

e g
Np237

1
9 9 237≈ + ×( ) , where J e

9  and J g
9

are the exchange volume and melt glass fluxes per mole of inventory of a “Class 9” radionuclide
(Table 3.1) and N Np  is the molar inventory of 237Np (e.g., from Table 2.2). Because 237Np may
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be considered “effectively stable,” as defined earlier, its decay over 1,000 years will not be
significant and a decay correction will not be necessary.

4.6.2 Release of 237Np derived from 241Pu decay. In the second step, the release of the initial
inventory of 241Pu, a “Class 10” radionuclide must first be calculated. This will provide a flux
defined in terms of a glass and exchange volume release, e.g., as above,
J J J NPu

e g
Pu241 10 10 241≈ + ×( ) , where J e

10  and J g
10  are the exchange volume and melt glass

fluxes per mole of inventory of a “Class 10” radionuclide (Table 3.1) and N Pu241  is the molar
inventory of 241Pu (e.g., from Table 2.2). Because 241Pu has a short half life and is involved in an
important decay chain, its flux must be corrected for decay, and this will lead to an ingrowth of
237Np, or more specifically, an ingrowth of the 237Np flux. This will be denoted by J Np

2  and will
be calculated in terms of J Pu241  using the Bateman Equations (Friedlander et al., 1981):

J e e JNp
Am

Pu Am

t Pu

Am Pu

t
Pu

Pu Am
237
2 241

241 241

241

241 241
241

241 241 1≈
−

+
−

+








 ⋅− −λ

λ λ
λ

λ λ
λ λ

where the decay rates (λ) of both 241Pu and 241Am appear.

4.6.3 Release of 237Np derived from 241Am decay. In the last step, the release of the initial
inventory of 241Am, a “Class 11” radionuclide must also be calculated. This will provide a flux
defined in terms of a glass and exchange volume release, e.g., as above,
J J J NAm

e g
Am241 11 11 241≈ + ×( )  where J e

11 and J g
11 are the exchange volume and melt glass

fluxes per mole of inventory of a “Class 11” radionuclide (Table 3.1) and N Am241  is the molar
inventory of 241Am (e.g., from Table 2.2). Again, because 241Am has a short half life and is
involved in an important decay chain, its flux must be corrected for decay, and this will lead to
an additional component of 237Np ingrowth of, or more specifically an additional component of
237Np flux ingrowth, which we will denote by J Np

3 . This may be calculated in terms of J Am241
using the Bateman Equations (Friedlander et al., 1981):

J e JNp
Pu

Am Pu

t Pu

Pu Am
Am

Am
237
3 241

241 241
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241 241
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241≈
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λ λ
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λ λ
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where the decay rates (λ) of both 241Pu and 241Am appear.
Thus, the complete flux of 237Np is given by

J J J JNp Np Np Np237 237
1

237
2

237
3≈ + + . (4.6)
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5. Application to Radionuclide Fluxes at CAMBRIC

 Consider, now, the release of 241Am and 155Eu from the CAMBRIC test using the
simplified model and their comparison with the predictions from the CAMBRIC source term report
(Tompson et al., 1999). For reasons explained in Appendix D, only the 241Am flux calculation
will be reviewed here. Unless otherwise mentioned, all page and table references pertaining to
Tompson et al. (1999) below will be referenced as “TBP.”

• Inventory and Partitioning of 241Am. For this problem, we can work with the
inventories that were used in TBP, as opposed to the average Frenchman Flat values
in Table 2.2. As discussed in Table 5 of TBP (p. 23), we have N = × −5 2 10 2.  moles of
241Am. Table 1 of TBP (p. 9) indicates that 95% of this inventory ( Ng = × −4 9 10 2.
moles) is sequestered in the melt glass while the remaining 5%
( Ng = × −2 6 10 3. moles) is distributed within the exchange volume. This partitioning is
reiterated in Table 9 of TBP (p. 35).

• Exchange volume. The exchange volume has a radius of 18 m (p. 25, TBP) and the
internal porosity specified within the volume is 0.40 (Table 12, p. 59, TBP). Thus, the
bulk volume of the exchange volume is Ve = 24,429 m3.

• Initial concentration in exchange volume. In the CAMBRIC source term report,
241Am was assumed to be nonsorbing so that it migrates in the absence of retardation
effects. Thus, the initial aqueous concentration of 241Am is found by dividing Ne into
the available pore volume of Ve, yielding cAm = × −2 66 10 7.  mol/m3 (Table 12, p. 59,
TBP).

• Groundwater flow through exchange volume and melt glass zone. The total
groundwater flux passing through the melt glass and exchange volume, as derived
from the total groundwater flux passing through all 809 modeled streamlines (p. 105,
TBP), is

Q A Ae e e= ⋅ ⋅ ≈ ⋅ ⋅ =φ φ| | | |v v  615 m3/y  . (5.1)

 

 This value can be used to approximate the flux through the exchange volume since
Vg << Ve. We can also approximate Ae  from the 2/3 power of Ve to get Ae  = 842 m2,
which, suggests from (5.1) that | |ve ≈1.82 m/y.

• Half lives. The half-life of 241Am is 433 years (Table 2.2 above).

• Exchange volume flux component. Under no-decay conditions, the predicted flux
from the exchange volume is a “pulse” of magnitude

J Qce Am= = 1.64 × 10-4 mol/y  (5.2a)
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that will be in effect for a period of

∆t
Ve

e
= =

1 3/

v
15.9 years  . (5.2b)

 Note that the product of these two quantities equals the specified exchange volume
inventory, Ne.

 If the control plane is directly adjacent to the exchange volume (as pictured in
Figure 3.2), then the flux pulse begins “at t = 0.” If the control plane is located down
gradient from the exchange volume, then the flux pulse will have a delayed arrival. In
the CAMBRIC simulations, the control plane was located approximately s p ≈  180 m
downgradient of the working point of the test. Since the exchange volume mass is
distributed within a “cube” of length  Ve

1 3/  centered on the working point, the first
arrival should occur at

t
s Vp e

e
=

− 





≈

1 3 2/ /

v
 90 y  . (5.3)

 This particular “delayed” flux result—corrected for decay—can be seen as the pulsed
release in Figure 5.1 below. The lack of a smeared and dispersed profile, as evident in
the Am results of the CAMBRIC simulations (e.g., Figures 51, 52, or 58 on pp. 122,
124, 128, respectively, TBP) is due, in part, to a lack of dispersion in the analytic
model and the fact the simulated exchange volume was a sphere and not a cube.

• Alternative exchange volume flux component. As an alternative, the classical result
in Equation 5.2 above can be evaluated with Ne = 2.6 × 10-3 moles of Am located at
the working point, s p ≈  180 m upgradient of the control plane. Some typical results
based upon a longitudinal macrodispersivity (αL) of 17 m (TBP) and the
aforementioned velocity magnitude, | |ve ≈1.82 m/y, are shown in Figure 5.1 below.
This result, of course, will not account for the effects of a spatially distributed initial
pulse, nor any “non-classical” dispersion phenomena that may have been produced in
the detailed CAMBRIC source term simulations.

• Melt glass dissolution rate. As discussed on page 50, TBP, the constant melt glass
dissolution rate used in the CAMBRIC source term simulations is5

k mod .≈ −10 13 36moles-glass/m2-s (5.4)

 This result is based upon a glass “formula weight” of fg = 10,000 g/mole.

                                                  
5 This value differs, to some extent, from the more current values proposed in Appendix C, but is used here in
support of the overall CAMBRIC comparison effort.
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• Melt glass volume, mass, and surface area. The mass of melt glass mass used in the
CAMBRIC simulations was 905 metric tons, or 9.05 × 108 g of glass (p. 93)6. This is
equivalent to 9.05 × 104 moles of glass (when fg = 10,000 g/mole) or 9.05 × 106 moles
of glass (when fg = 100 g/mole)7.

The bulk volume of glass (Vg) is approximately 402 m3, which, based upon
the assumed porosity of 0.1 (TBP), yields 362 m3 of pure glass, or close to 905 metric
tons using a glass density of 2.5 g/cm3.

The specific surface area per unit mass of the glass ( As
m ) pertaining to Runs

10, 11, or 12 of the CAMBRIC simulations (e.g., Figs. 51, 52, or 58 on pp. 122, 124,
128, respectively, TBP) is 0.52 cm2/g, or 5.2 × 10-5 m2/g (p. 42)8. The corresponding
specific surface area per unit volume of the glass ( As ) is approximately 118 m2/ m3

(p. 48, TBP).

• Predicted melt glass flux. The melt glass flux predicted using Equation 3.10 is thus

J f N A kg g g s
m≈ ⋅ ⋅ ⋅ mod

= (10,000 g/mole)(4.9 × 10-2 mole)(5.2 × 10-5 m2/g)(10-13.36 mol/m2-s)

= 1.11 × 10-15 mol/s

= 3.51 × 10-8 mol/y (5.5a)

The same result may be obtained with the representation in Equation 3.11 above.
Noting that

ν =
×

×
= ×

4 9 10

9 05 104

.   

.   

-2
-7moles Am

moles glass
5.41  10

we obtain

J V A kg g s≈ ⋅ ⋅ ⋅ν mod

                                                  
6 In TBP, this was computed from a correlation suggesting that approximately 700 to 1,300 metric tons of glass are
produced per kiloton of yield (where 1,200 was specifically used). It differs from the recommended 700 tons of
glass per kiloton of yield indicated above and in Pawloski (1999) but is used here in support of the overall CAMBRIC

comparison effort.
7 It is somewhat confusing that different values of fg can be found in the CAMBRIC simulation report (Tompson et
al., 1999). Although 10,000 g/mole were used directly in the simulations (e.g., Equation 4), the 100-g/mole figure
was used in several supporting calculations (e.g., Table 8).
8 This value again differs from the suggested surface area range described in Appendix C but is used here in support
of the overall CAMBRIC comparison effort.
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= (5.41 × 10-7)(402 m3)(118 m2/ m3) (10-13.36 mol/m2-s)

= 1.12 × 10-15 mol/s

= 3.54 × 10-8 mol/y  . (5.5b)

5.1 The Combined Picture

 The combined exchange volume and melt glass releases predicted from Equations 5.2
and 5.5 above—subsequently corrected for radioactive decay—are shown in Figure 5.1. The
analogous 241Am release predicted from the CAMBRIC source term simulations is also shown for
comparison. At first glance, three key observations can be made:

• The “pulsed” nature of the exchange volume release is distinct from the dispersed
nature of the simulated exchange volume release. This is largely due to the fact that
dispersion effects were not included in Equation 5.2 above. This can be addressed,
approximately, by using an alternate result such as Equation 3.4 above.

• The arrival time of the (peak) exchange volume release is somewhat later that the
corresponding peak arrival in the simulations. This is likely due to the fact that the
flux in Equation 5.1 above—used to approximate the mean velocity of the
pulse—was affected by slower flows in the melt glass. There may also have been
some inconsistencies in reporting the actual control plane location ( sb ) past which the
simulated flux results were recorded. This will be checked further.

• The magnitude of the predicted melt glass release flux is over an order of magnitude
lower that the apparent melt glass release flux from the simulations, as identified by
the tail in the release curve. It is not immediately clear why this is the case. This issue
is discussed in the next section.

 
5.2 Some Realities of the CAMBRIC Simulations that Further Confused Interpretation

 As described in Appendix D, there were two errors in the CAMBRIC source term report
that made comparison of the simulation results with the simplified source term predictions
difficult. To review, let us reconsider the discrepancy between the predicted melt glass flux of
241Am (e.g., Equation D.1 in Appendix D below) and the apparent melt glass flux in the tail of
Figure 5.1, as produced in the simulations. After a bit of research, we now believe there is really
no discrepancy between the melt glass flux predicted by the simplified source term model and by
the simulations. Consider the following observations:

• Integration of the simulated 241Am flux profile in Figure 5.1 over the 600 years of
results produces a total of 2.45 × 10-3 moles of 241Am. This amount is smaller than the
exchange volume inventory of 2.6 × 10-3 moles—specified correctly in the
simulation—and indicates that not all of the exchange volume inventory has exited
the domain after 600 years.
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Figure 5.1. Simplified source term release flux for 241Am, as determined for the
CAMBRIC test, assuming no retardation. Green curve corresponds to simulated results
(Tompson et al., 1999, Figs. 51, 52, or 58). Red curves correspond to simplified
analytic results. Exchange volume release components may represent pulsed or
dispersed characteristics. Melt glass release components may represent the predicted
or apparent (as simulated, yet incorrect) melt glass inventories.

• Analysis of the archived Line 145 data for the Model 12 result of the CAMBRIC

simulations indicates that very little (<<1%) of the melt glass along this line has
dissolved over the 600 years of the simulation.

• Analysis of archived 99Tc flux results from the classified Frenchman Flat simulations
(Pawloski et al., 2000) shows elution behavior that is similar to the Am results of the
CAMBRIC simulations in Figure 5.1 above. In the classified simulations, 99Tc is
partitioned similarly to 241Am and is unretarded (similar to the way 241Am is treated in
the CAMBRIC simulations). But, because the streamline flux results in the classified
work were collected and separated into their “glass” and “non-glass” components, we
could verify that the long-term tailing behavior evident for 241Am (in Figure 5.1) also
exists for the 99Tc results. We also verified that much of this tailing behavior can now



28

be attributed to long-term elution of the exchange volume portion of the inventory.
The melt glass contributions exist, of course, but are about an order of magnitude
smaller, similar to what we apparently see in Figure 5.1 above. This suggests that
what we call the “apparent” melt glass component of the simulated 241Am flux in
Figure 5.1 (from the CAMBRIC results) is largely still an exchange volume component.
Thus, it is inappropriate to assert that the so-called “discrepancy” in the simplified
melt glass flux prediction is really an error. What we are apparently seeing is a non-
classical or non-local dispersion phenomenon related to the way in which
radionuclides in the exchange volume were originally distributed into zones of high
and low permeability.

5.3 Another Simple Test Problem

 To address this last point further, we have created a one-dimensional test problem
involving a 50-m-long domain in which the first 10 meters is considered “melt glass” and the
remaining 40 meters is considered inert (non sorbing) alluvium. The cross sectional area of this
system is 1 m2. We have assumed that a uniform porosity of 10% exists throughout the domain
and that the mean seepage velocity through the system is 1.0 m/y. Although the absolute
inventories are different, the initial radionuclide (stoichiometric) composition (e.g., as in
Equation 4 of the CAMBRIC report, TBP), melt glass surface area, and constant melt glass
dissolution rates are exactly as specified in the CAMBRIC simulations. There is no “exchange
volume” associated with this problem, so that no 241Am is placed into to any initial aqueous
form.

 Here, we are concerned with the dissolution of 241Am from the melt glass, its ultimate
elution past the 50-m point in the domain, and how a reactive transport simulation of this
problem (made with the same code used in the CAMBRIC simulations) compares with the
predictions of the simplified source term model. The melt glass flux, calculated with Equation
3.11 above, is9

J V A kg g s≈ ⋅ ⋅ ⋅ν mod

= (1.2 × 10-6)(10 m3)(118 m2/ m3) (10-13.36 mol/m2-s)
= 6.18 × 10-17 mol/s
= 1.95 × 10-9 mol/y. (5.6)

 Initial breakthrough effects notwithstanding, this result compares extremely well with the
simulated results for the same problem, as shown in Figure 5.2 below. This suggests that the
Simplified Hydrologic Source Term results are adequate for the simplified conditions under
which they were derived.

                                                  
9 Compare value of  ν with that in Equation 5.5b above and see discussion in Appendix D.
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Figure 5.2  Comparison of melt glass release of Am in a simple one-dimensional test problem,
with no decay correction. “Simulation” obtained from reactive transport simulation equivalent to
what was used in the CAMBRIC report. Simplified source term prediction reproduces this well,
initial breakthrough effects notwithstanding.

5.4 Summary

 Thus, in summary,

• Comparison of the Simplified Hydrologic Source Term results with the CAMBRIC

simulation results was made difficult because of several errors uncovered in the
simulations and because the nature of the long-term simulated flux profiles was not
wholly understood. Apparently, much of the longer-term elution behavior is still
dominated by continued elution of the exchange volume radionuclides—as opposed
to melt glass dissolution only. This is non-classical dispersion behavior that could not
captured by the classical model in Equation 3.1 above.

• After a thorough evaluation, it appears that the Simplified Hydrologic Source Term
does provide reasonable results that are valid for the conditions under which it was
derived.
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• It would also appear that incorporation of diffusion or macrodispersion effects in the
exchange volume component of the Simplified Hydrologic Source Term may be
warranted; one approach was suggested here, and there may be others.
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6. Further Sensitivity Studies

 Although we used unclassified data to approximate all test-related parameters, we realize
that the current results do not systematically cover the full range of variability that may be used
in a proper sensitivity analysis. Below, we summarize some of the more important variations that
we suggest be considered in such an analysis.

6.1 Test volumes

 We grouped the tests and their parametric and volumetric information (Table 2.1) into
three important groups. The size of the exchange volume is estimated in terms of the cavity
radius, Rc, which is, itself, approximated from a calculation based on test yield, overburden bulk
density, and depth of burial. If Ve were modified because of uncertainty in the yield or other
parametric measurements used to calculate Rc (over specified ranges), then

• Different groupings of test may be established;

• Initial aqueous molar concentrations listed in Table 3.2 would differ, and, as a result,

• Radionuclide fluxes out of the exchange volume would change.

 In addition, the exit area Ae on the breakthrough plane, across which the fluxes are determined,
will also be affected by the size of the exchange volume.

6.2 Radionuclide Inventory

 The list of radionuclides (Table 2.2) and their initial inventories (Tables 2.2 and 3.1) are
approximate and their variation or modification as a result of new information will clearly affect
the flux results. Variations in the radionuclide list, the radionuclide class assignments
(Table 3.2), or the initial molar inventories could be examined in a sensitivity analysis. In
addition, the impacts and importance of decay and ingrowth (Section 2.3) will be highly
dependent on the relative abundance of the various radionuclides in the important decay chains.

6.3 Retardation Effects

 The chemical retardation data are uncertain and ranges in Kd
i  (and, therefore, Ri) values

have been provided in Tables 3.1, D–3, and D-4. These parameters directly affect the initial
aqueous concentrations listed in Table 3.2, the magnitude of the exchange volume fluxes
(Eq. 3.2), as well as the relative time (tmax) over which exchange volume releases may be
observed (Section 3.3). The lack of retardation data for select radionuclides (treated otherwise as
tracers in Table 3.1) should not be forgotten. Clearly, alternative versions of Table 3.2 could be
constructed for Frenchman Flat alluvium based upon a goethite form of iron oxide, or to reflect
the effects of higher or lower values of the Kd

i  (or, Ri) parameter ranges.
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6.4 Melt Glass Release

 The melt glass release (Eq. 3.9) will be heavily controlled by the specific surface area
As

m  and modified glass dissolution constant k mod parameters employed in the calculation, and
the fact that they are assumed to be constant. Appendix C summarizes several important caveats
associated with this assumption and suggests several viable ranges for the parameters that are
used in the Simplified Source Term Model.
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7. Summary

 The purpose of this report was to provide an unclassified simplification of the hydrologic
source term (HST) for the ten underground nuclear tests conducted in the Frenchman Flat
Corrective Action Unit (CAU) at the Nevada Test Site (NTS). It was developed from the results
of more complex source term modeling studies at Frenchman Flat and Pahute Mesa at NTS. The
HST of a specific underground test represents the time-release or flux of test related
radionuclides into groundwater, away from the underground testing point. It is a function of

• The radionuclide inventory.

• The spatial distribution of this inventory about the working point of the test.

• The fractionation of this inventory between melt glass and non-melt glass zones about
the working point of the test.

• The rate of groundwater flow through the initially contaminated zones surrounding
the test.

• The chemical mobility of the radionuclides in groundwater.

• The radionuclide decay characteristics of the radionuclides.

 Many of these characteristics can be estimated from the yield and depth of burial of each
test and knowledge of the relevant radionuclide inventories, which, for the purposes of this
report, can only be estimated using unclassified information. Unclassified information on test
yields and the entire Frenchman Flat radionuclide inventory were applied in this report for these
purposes.

 Many features of the release functions used in this report are admittedly approximate and
have been simplified for easy use. Principal assumptions include:

• The temperature is assumed fixed so that the impacts of residual test-related heat are
not considered.

• Groundwater flow is considered steady and the groundwater pH is assumed constant.

• Radionuclide release from the melt glass is assumed to occur at a fixed rate.

• Chemical sorption (via ion exchange and surface complexation) is assumed to be
described by simple retardation coefficients that are functions of the geologic medium
and ambient groundwater chemistry.

• Radionuclide mineral precipitation/dissolution and formation of radionuclide-sorbing
minerals in the melt glass or elsewhere is ignored.

Numerous examples of the simplified source term were presented. In particular, the predicted
release of 241Am from the CAMBRIC test using the results of this report compare well with the
previous results of Tompson et al. (1999). Two important errors in the report of Tompson et al.
(1999) are also clarified and discussed.
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Appendix A:  Thirteen Pertinent Decay Chains Associated with the RST

 Excluding 40K, Table 2.2 represents a list of 44 primary RST radionuclides deemed
relevant for the source term calculation. A total of 21 of these decay directly into stable daughter
products and have no parent RST radionuclides. These will not be discussed any further here. An
additional four members of the RST decay into short-lived radioactive daughter products, which,
in turn, decay into stable granddaughters. These are tabulated below in Section A.1. Finally, the
remaining 18 primary RST radionuclides are members of nine additional decay chains. One new
daughter product (152Gd) has been identified that may be considered a derivative member of the
RST. These will be discussed below in Section A.2 in terms of the relevant decay and ingrowth
chains that need to be addressed over a 1,000-year simulation period.

A.1 90Sr, 126Sn, 137Cs, and 232U Chains

 The following four chains are characterized by a parent radionuclide in the RST decaying
into a stable, end-member daughter via one or more short-lived intermediary radionuclides,
indicated here (and later) in parentheses. Short-lived radionuclides will not be considered further
in this report.

90 . 90 90Sr Y Zr (stable)29 1 64y h/ /β β →  →( ) (A.1)

126 126 126Sn Sb Te (stable)~ / . /10 12 55 y dβ β →  →( )  (A.2)

137 137m 137C Ba Ba (stable)s y m IT30 2 5/ . /β →  →( ) (A.3)

232 228 208U Th short - lived intermediaries Pb (stable)70 1 9 7y y/ . /  α α →  →  →





(A.4)

 In the case of the 232U chain, we assume that 228Th is “short lived.”
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A.2 Nine Additional Coupled Chains Involving RST Radionuclides

 93Zr chain. Both 93Zr and 93mNb are primary members of the RST. Because of the long half–life
of 93Zr the ingrowth of 93mNb from this reaction over 1,000 years should not be significant, so
both can be treated independently in decay and transport calculations.

93 10 93 16 1 936

Zr Nb Nb (stable)~ / . /y m y ITβ →  →  (A.5)

 150Gd chain. Because 150Gd has such a long half life, it can be considered effectively stable over
a 1,000-year analysis:

150 106

Gd ~ /y α → L (A.6)

 Subsequent daughter products in this chain are 146Sm (~108 y/α) and 142Nd (stable).

 152Eu chain. 152Eu decays in a 72% branch to 152Sm (stable) and in a 28% branch to 152Gd, a
derivative radioactive element that was not included in the primary RST list of Bowen et al.
(2001). Because 152Gd has such a long half-life, however, it can be considered effectively stable.
Ingrowth of 152Gd from 152Eu will be important:

152 28 13 5 152 1014

Eu Gdbranch( %  )  . / ~ /y yβ α →  → L (A.7)

 Subsequent daughter products produced beyond 152Gd are 148Sm (~1016 y/α), 144Nd (~1015 y/α),
and 140Ce (stable).

 241Pu chain. Four of the first five members of this decay chain are included as primary members
of the RST. The coupled decay and ingrowth between 241Pu, 241Am, and 237Np must be treated
explicitly in a transport model because of their relatively short half-lives. However, since the
half–lives of 237Np and 233U are so long, the ingrowth of 233U and subsequent daughters can be
effectively excluded in our 1,000-year decay and transport calculations.

241 14 4 241 433 237 10 233 27

233 10

6

5

Pu Am Np Pa

U

. / / ~ / ~ /

~ /                                               

y y y d

y

β α α β

α

 →  →  →  →





 → L

(A.8)

 Notable (but not all) daughter products produced beyond 233U include 229Th (~7,300 y/α) and
225Ra (~15d/β).
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 242Pu chain. Three members in this chain are primary members of the RST. Because 238U and
234U have relatively long half–lives, ingrowth of 234U and its further decay into additional
daughters can be effectively excluded in our 1,000-year decay and transport calculations.

242 10 238 10 24 6

234 10

5 9

5

Pu U Th Pa

U 

234 234~ / ~ / ~ / ~ /

~ /                                               

y y d h

y

α α β β

α

 →  →  →  →





 → L

 (A.9)

Notable (but not all) daughter products produced beyond 234U include 230Th (~105 y/α),
226Ra (~1600y/α), and 222Rn (4d/α).

 238Pu chain. Both 238Pu and 234U are primary members of the RST. 238Pu decays with a relatively
short half–life into 234U, whose decay into further daughter products can be effectively ignored in
the model because of its long half–life.

238 87 7 234 105

Pu U. / ~ /y yα α →  → L (A.10)

 As above, notable (but not all) daughter products produced beyond 234U include 230Th (~105 y/α),
226Ra (~1600y/α), and 222Rn (4d/α).

 243Am chain. Three members shown in this chain are primary members of the RST. Because
239Pu and 235U have relatively long half–lives, ingrowth of 235U and its further decay into
additional daughters can be safely ignored in our 1,000-year decay and transport calculations.

  
243 7370 239 2 239 10 235 104 9

Am Np Pu Uy d y y/ ~ / ~ / ~ /α α α α →  →( )  →  → L (A.11)

 Notable (but not all) daughter products produced beyond 235U include 231Th (~1d/β),
231Pa (~104 y/α), 227Ac (22y/β), 227Th (19d/α), 223Ra (11d/α), and 219Rn (4s/α).

 244Cm chain. Each member shown in this chain is a primary member of the RST. Although the
ingrowth of 240Pu from 244Cm must be accounted for, the half-lives of 240Pu and 236U suggest the
ingrowth of 236U, 232Th, and subsequent daughters will not be significant over the 1,000–year
time of the model.

244 18 1 240 6560 236 10 232 107 10

Cm Pu U Th. / / ~ / ~ /y y y yα α α α →  →  →  → L (A.12)

 Notable (but not all) daughter products produced beyond 232Th include 228Ra (6y/β), 228Ac
(6h/β), 228Th (2y/α), 224Ra (4d/α), and 220Rn (1m/α).
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Appendix B:  Application of Near-Field Surface Complexation and Ion
Exchange Models to Linear Retardation Transport Models

 Minerals that can exhibit a surface charge (e.g. iron oxides, calcite, aluminosilicates etc.)
can significantly reduce the mobility of some radionuclides in groundwater as a result of surface
complexation and ion exchange (sorption) reactions.  Characterization of these reactions can lead
to the development of a mechanistic understanding of how sorption and retardation phenomena
are affected or otherwise controlled by changing environmental conditions.  In general, the
mathematical representation of these reactions may involve a number of complex, nonlinear
equilibrium or kinetic constraints that must be satisfied by the concentrations of all chemical
species present. Under certain conditions, however, this complex model may be simplified in
such a way that linear and independent partitioning (or “Kd”) models may be applied for each
sorbing species.  The conditions required for these simplifications are:

• Invariant solution conditions;

• Radionuclide concentrations well below the point at which reactive surface sites may
become saturated;

• Radionuclide concentrations well below the respective mineral precipitate saturations.

 The linear retardation coefficients presented below were derived from our non-electrostatic
surface complexation and ion exchange database.  This database was developed to model the
interaction of radionuclides with the surfaces of iron oxides, carbonates, and aluminosilicates
(Zavarin and Bruton, 2000a; Zavarin and Bruton, 2000b).

B.1 Implementation of Linear Surface Complexation and Ion Exchange Models

 Radionuclide Kd s were determined using the mineralogic conditions and water chemistry
defined in the unclassified Cambric report (Tompson et al., 1999). The surface complexation and
ion exchange reactions used to define the Kd s are supplemented by more recent analyses of
various published and experimental data.  A summary of these data can be found in Zavarin and
Bruton (2000a; 2000b). The mineralogy of the Frenchman Flat alluvium and the water chemistry
are presented in Tables B.1 and B.2 (derived from Tompson et al., 1999). While our simplified
Kd approach is expected to accurately forecast radionuclide retardation under these particular
conditions, changes in water chemistry due to glass dissolution or other factors, high
temperatures near the glass zone at short times, competition for sorption sites, and the
heterogeneous distribution of sorbing minerals will all affect radionuclide retardation. Water
chemistry changes due to glass dissolution could, for example, increase or decrease
Na+/K+/Ca2+/Mg2+ concentrations, which would affect radionuclide sorption to ion exchange
sites. Glass dissolution could also affect the pH, which would affect both the solution chemistry
and the protonation on surface complexation sites. Changes in the redox state of near-field
groundwater as a result of glass dissolution could severely alter the transport behavior of redox-
sensitive elements such as Pu and U. The heterogeneous distribution of sorbing minerals in
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Frenchman Flat alluvium will likely create spatially variable radionuclide retardation, which will
significantly affect the overall transport of radionuclides. Thus, some care should be taken in
applying our Kd values to Frenchman Flat alluvium.

 Tables B.3 and B.4 (also plotted in Figures B.1 and B.2) list the Kd s for each sorptive
mineral and each radionuclide determined using the water chemistry defined in Table B.2 and
mineral surface areas and CECs defined in Table B.1. Included in Tables B.3 and B.4 are Kd s for
each radionuclide–mineral pair calculated at ±2 standard deviations of the surface
complexation10. The uncertainty in the ion exchange reaction constants could not be readily
estimated because these data were taken directly from published data (that did not include
standard deviations). Thus, in most cases, a standard deviation of 0.5 was assumed. However, for
Cs, lower limit ion exchange constants were estimated to equivalence with K for zeolite,
smectite, and basal plane illite. Lower limit ion exchange constants were reduced by log10 K of
1.0 for the two illite edge sites. The lower limit ion exchange constant for Sr on zeolite
(clinoptilolite) was estimated to equivalence with Ca. Uncertainties in other Sr ion exchange
constants and all Ca ion exchange constants were not estimated. The uncertainties in ion
exchange constants (Table B.3) are not based on measured uncertainties and are, thus, only
useful to demonstrate the potential effects of variable ion exchange affinities on radionuclide
transport. The difference between the goethite and hematite Kd s results only from the difference
in surface area used to model sorption to these minerals (see Zavarin and Bruton, 2000a; 2000b).
Typically, hematite will have a significantly lower surface area than goethite. The use of
hematite Kd versus goethite Kd can be used to assess the effect of iron oxide reactive surface area
on radionuclide transport. Table B.4 and Figure B.2 present Kd s for Pu at two oxygen fugacities:
10-10 and 0.2 bars (saturation with the atmosphere). At the fugacity of 10-10, the dominant Pu
redox is in the +5 state while at 0.2, it is in the +6 state. Evidence from Yucca Mountain water
experiments (Nitsche et al., 1993, 1994) suggest that Pu(V) should be the dominant Pu redox
state in these waters. Thus, we believe that the Kd at f(O2) = 10-10 bars is more realistic. However,
the results we show here clearly indicate that Pu in a more oxidized state is likely to be much less
retarded (~1 order of magnitude decrease in Kd). Conversely, if the groundwater were to become
more reducing, it is likely that Pu migration would decrease significantly because Pu(IV) sorbs
more strongly than Pu(V).

                                                  
10 For those surface complexation reactions that did not have standard deviations listed, a log K standard deviation
of 0.5 was used.  Note that log K is not equivalent to log10 Kd.
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Table B.1.  Porous media volume fractions defined for the Frenchman Flat
alluvium, based on Tompson et al. (1999).

Solid mineral or pore
volume

Density
(g/cm3)

Volume
fraction

(%)

Surface
area

(m2/g)
CEC

(meq/g)

Inert Matrix 2.5 47 0 0

Clinoptilolite-Ca 2.13 5 0 2.12

Beidellite-Ca 2.83 5 30 0.85

Calcite 2.71 1 2.2 0

Muscovite 2.83 1 0 0.2a

Goethiteb 4.27 1 50 0

Hematiteb 5.27 1 2 0

Porosity – 40 – –
a 3 site types: site I = 0.005, site II = 0.03, site III = 0.965.
b The alluvium can be assumed to be dominate by either hematite or goethite but not both.

See below for comparisons of hematite-dominated and goethite-dominated alluvium Kds.

Table B.2.  Ambient Frenchman Flat water chemistry used to
define Kd s, based on Tompson et al. (1999).

Constituent Value

pH 8.0

Constituent Concentration (mg/L)

Na 63

K 8

Ca 16

Mg 4

HCO3 177

Cl 16

SO4 32

SiO2 65

O2(g) 8.1, 4.0*10-9 a

a Equivalent to f(O2) = 0.2 and 10-10, respectively.
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Table B.3.  Mean and (high, low) ranges of log10 Kd calculated for three ion exchanging minerals and
three radionuclides.

Log10 Kd (mL/g)RN

Smectite Illite Zeolite

Ca(II) 2.9 (2.9, 2.9) 2.2 (2.2, 2.2) 3.4 (3.4, 3.4)

Cs(I) 2.0 (2.0, 1.5) 4.6 (4.6, 3.7) 3.5 (3.5, 2.9)

Sr(II) 2.9 (2.9, 2.9) 2.2 (2.2, 2.2) 3.5 (3.5, 3.4)

Table B.4.  Mean and (high, low) ranges of log10 Kd calculated for surface complexation reacting minerals.

Log10 Kd (mL/g)RN

Goethite Smectite Calcite Hematite

Ca(II) – – 1.7 (1.7, 1.7) –

Cs(I) – – – –

Sr(II) 1.9 (2.5, 1.4) – –0.1 (0.9, –1.1) 0.6 (1.2, 0.1)

Am(III) 5.4 (6.2, 4.6) 4.7 (5.5, 4.1) 5.7 (6.7, 4.7) 4.1 (4.9, 3.3)

Eu(III) 5.5 (6.7, 4.3) 4.0 (5.1, 2.9) 5.6 (6.5, 4.6) 4.2 (5.4, 3.0)

Sm(III) 5.7 (6.9, 4.5) 4.2 (5.2, 3.1) 6.1 (7.0, 5.1) 4.4 (5.5, 3.2)

Np(V) 3.8 (4.7, 3.2) 1.1 (1.7, 0.7) 3.0 (4.0, 2.0) 2.5 (3.4, 1.9)

Pu(IV, V) 4.6 (5.6, 3.6) 2.0 (3.0, 1.0) 3.3 (4.2, 2.3) 3.3 (4.3, 2.3)

U(VI) 4.5 (5.4, 3.6) 1.2 (2.0, 0.6) –0.7 (0.3, –1.7) 3.2 (4.0, 2.3)

Pu(IV, V)a 3.2 (4.2, 2.2) 0.8 (1.8, –0.2) 2.1 (3.1, 1.1) 1.9 (2.9, 0.9)
a Kd was modeled using an f(O2) of 0.2 in which Pu redox is dominated by the +6 state.
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Figure B.1. Kd s calculated for three ion exchanging minerals and three radionuclides.
Error bars are estimates of uncertainty.
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Figure B.2. Kd s calculated for surface complexing minerals. Error bars based on 2
standard deviations of surface complexation constants. [*Kd was modeled using an
f(O2) of 0.2 in which Pu redox is dominated by the +6 state.]
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 To calculate the effective or overall Kd for the Frenchman Flat alluvium described in
Table B.1, the following equation is used:

 

K Kd
i m m

bm
d
i m= ∑

φ ρ
ρ

,  (B.1)

 where Kd
i  is the effective alluvium sorption constant for radionuclide i (mL/g), φm is the volume

fraction of mineral m, ρm is the intrinsic density of mineral m, ρb is the bulk density of alluvium,
and Kd

i m,  is the sorption constant (mL/g) for radionuclide i on mineral m. Table B.5 and Figures
B.3 and B.4 present this data. Note that the “high” and “low” values in this case were calculated
using Equation B.1 and the upper or lower limit values for all minerals in combination (i.e. the
uncertainty was estimated simply as a linear combination of uncertainties in the single mineral
Kd

i m,  data). As in the earlier figures, Kd s for Pu assuming a Pu(V) dominated and Pu(VI)
dominated redox and retardation assuming a goethite-dominated and hematite-dominated
alluvium are presented. Again, in the more oxic state, Pu is >1 order of magnitude less retarded.
If the iron oxide reactive surface area is assumed to be equivalent to that of our “hematite
alluvium” case, Np, Pu, and U retardation will be reduced by ~1 order of magnitude compared
with the “goethite alluvium.” Other radionuclides are less affected by iron oxide surface area
because their retardation is controlled more by other minerals (see Figures B.1 and B.2).

 It is instructive to compare the Kd
i  values modeled here with the limited experimental

data available for Frenchman Flat alluvium. Wolfsberg (1978) performed several sorption
experiments and recommended Kd values for Sr, Cs, and Eu of 217±45, 7,000±1,600, and
>20,000, respectively. The Kd values estimated here for Sr, Cs, and Eu using the model water
composition and model mineralogy are 316 (316, 251) and 1000 (1000,158) for Sr and Cs,
respectively (where values in parentheses represent an approximate uncertainty range). For Eu,
Kd values using a goethite alluvium is 16,000 (200,000, 1,200) and, using a hematite alluvium is
7,900 (79,000, 790). The match between the modeled and experimental data is good, especially
since “average” mineralogies and water chemistries were used in the predictions. A small set of
U sorption experiments by Wolfsberg (1978) resulted in an average Kd of 29. For U, Kd values
using the “goethite alluvium” case is 790 (6300,130) and, using the “hematite alluvium” case, is
50 (398,8). A reasonable match is made only when a “hematite-dominated” alluvium Kd is used.
Remember that the “hematite-dominated” alluvium is based on the same reactions but a smaller
reactive surface area. While this data is woefully inadequate to make any conclusions, it suggests
that the Kd

i  values based on the “hematite alluvium” case in Table B.5 will result in a more
appropriate (or, at the very least more conservative) measure of retardation.
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Table B.5.  Mean and (high, low) ranges of effective log10 Kd
i  for

Frenchman Flat alluvium.

Log10 Kd
i  (mL/g)

RN Goethite alluvium Hematite alluvium

Ca(II) 2.4 (2.4, 2.4) 2.4 (2.4, 2.4)

Cs(I) 3.0 (3.0, 2.2) 3.0 (3.0, 2.1)

Sr(II) 2.5 (2.5, 2.4) 2.5 (2.5, 2.4)

Am(III) 4.3 (5.2, 3.5) 4.2 (5.1, 3.3)

Eu(III) 4.2 (5.3, 3.1) 3.9 (4.9, 2.9)

Sm(III) 4.6 (5.6, 3.5) 4.4 (5.3, 3.4)

Np(V) 2.3 (3.2, 1.6) 1.5 (2.4, 0.7)

Pu(IV, V) 3.0 (4.0, 2.0) 2.0 (3.0, 1.0)

U(VI) 2.9 (3.8, 2.1) 1.7 (2.6, 0.9)

Pu(IV, V)a 1.7 (2.7, 0.7) 0.8 (1.8, –0.2)
a Kd was modeled using an O2(g) fugacity of 0.2 bars in which Pu redox is

dominated by the +6 state.

1E-1

1E+0

1E+1

1E+2

1E+3

1E+4

1E+5

1E+6

C
a(

II
)

C
s(

I)

Sr
(I

I)

A
m

(I
II

)

E
u(

II
I)

Sm
(I

II
)

N
p(

V
)

Pu
(I

V
,V

)

U
(V

I)

Pu
(I

V
,V

)*

Radionuclide

K
d,

 m
L

/g

Geothite

Figure B.3.  Modeled Kd s for alluvium composition equivalent to that described in
Tompson et al. (1999) and Table B.1. Kd s were estimated by assuming iron oxide is
dominated to goethite. Kd range based on a composite uncertainty of all surface
complexation and ion exchange constants.  [*Kd was modeled using an O2(g) fugacity
of 0.2 bars in which Pu redox is dominated by the +6 state.]
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Figure B.4.  Modeled Kd s for alluvium composition equivalent to that described in
Tompson et al. (1999) and Table B.1. Kd s were estimated by assuming iron oxide is
dominated to hematite. Kd range based on a composite uncertainty of all surface
complexation and ion exchange constants. [*Kd was modeled using an O2(g) fugacity
of 0.2 bars in which Pu redox is dominated by the +6 state.]
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Appendix C:  Simplified Glass Dissolution Model

 The release of elements from a volume of fractured or porous glass into an aqueous
interstitial fluid is often described by a transition state theory-type rate law of the form

dN
dt

Ak a
Q
K

i
i j

j

p j= −








∏ν 1 (C.1)

 where Ni is the number of moles of component i released, A is the reactive surface area of the
glass (m2) in the volume adjacent to the fluid, vi is the stoichiometric coefficient for the element i
in the glass (moles of element i per mole of glass), k is the rate coefficient (moles/m2-sec), Π  is
the product function of catalytic or inhibitive species, and Q and K are the activity product and
solubility product for the glass dissolution reaction (Aagaard and Helgeson, 1982) . If Equation
C.1 is normalized by the bulk volume of glass considered (and the glass can be treated as a
porous medium), we obtain the alternative form

φ ν νg
i

i g i s j
j

pdc
dt

r A k a
Q
K

j= = −








∏ 1 (C.2)

 where ci is the aqueous concentration of radionuclide i in the interstices (mol/ m3-liquid), φg is
the melt glass porosity, and A A Vs gb= /  is the specific reactive surface area of the glass per unit
bulk volume (m2-glass /m3-bulk volume) of the porous medium. The specific surface area can
also be expressed as A As s

m
gb= ρ  where As

m  is the specific reactive surface area of the glass per
unit mass (m2-glass /g-glass), the more commonly measured quantity, and ρgb is the bulk
density of the glass.

 For the case of melt glass dissolution, the product term ( Π j ) accounts for the effect of
pH on the dissolution rate, where aj is the activity of H+ and pj corresponds to the slope of the
logarithm of the rate vs. pH. The quantity (1-Q/K) is the saturation or affinity term and provides
for the slow-down in dissolution rate due to saturation. Commonly, only the effect of dissolved
silica (SiO2) is included in the saturation term in modeling silicate glass dissolution (Bourcier,
1994).

 The rate constant k and the pH dependence of the glass dissolution rate are fairly well
known. However, the dependence of the glass dissolution rate on solution chemistry is a more
complex matter and can be affected flow rates and secondary mineral precipitation. This
potential variability is the source of great uncertainty, especially in models such as GOLDSIM

which do not directly address these interactions.

 Because fluid chemistry and secondary mineral precipitation are neglected in GOLDSIM, a
simplified rate law was developed for GOLDSIM that is equal to the product of two operationally
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constant terms, namely, a modified rate constant, k mod, and an approximately constant reactive
surface area, As . Under these conditions, Equation C.2 simplifies to

φ ν νg
i

i g i s
dc
dt

r A k= ≈ mod. (C.3)

 Some ranges and limits of k mod are given below in order to capture elements of the
potential variability introduced by chemical interactions in the melt glass. The intrinsic values of
melt glass area, mass, and volume will change slowly over the course of dissolution. In this
analysis, their magnitudes will be considered effectively fixed in order to not to change or
otherwise affect the magnitude of the dissolution rate. For reference, the temperature dependence
of glass dissolution can be expressed by an Arrhenius relationship as discussed in Section C.3,
although temperature dependence will not be considered further here.

C.1 Modified Rate Constant

 The modified rate constant, k mod, is the product of the intrinsic rate constant (k), its pH
dependence (in the product term, Π j ) and the saturation or affinity term (1-Q/K):

k k a
Q
Kj

j

p jmod = −








∏ 1 . (C.4)

 In practice, most researchers group the first two terms in this equation—the rate constant and its
pH dependence—into a single parameter and plot this parameter as a function of pH. This allows
the pH dependence of these two terms to be fit in terms of three linear equations representing the
negatively sloped dependence at low pH, the pH independent regime at intermediate pH, and the
positively sloped dependence at high pH.

 The saturation term was evaluated under the assumption that silica in solution is held in
equilibrium with β-cristobalite, a solid form of silica. This means that the value of Q will take on
a fixed value (Tompson et al., 1999) and that the saturation term as a whole will be constant.
Assuming that the temperature is 25°C and that amorphous silica saturation defines the value of
K, the magnitude of the saturation term used for these simple calculations is 0.489.

 We coupled the above data with assumptions regarding the evolution of the chemical
environment during melt glass dissolution to estimate probable ranges and limiting values of
melt glass dissolution. The current best-guess “moderate” rate constant of glass dissolution11 of

k mod ≅  5.1 × 10-12 mol-glass/m2-sec = 5.1 × 10-10 g-glass/m2-sec (C.5a)

                                                  
11A mole refers to a mole of glass, which is defined as 100 grams of glass.
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 at 25°C is obtained assuming that the ambient pH (8) and composition of groundwater is
generally maintained during glass dissolution. The rate constant changes to

k mod ≅  2.5 × 10-12 mol-glass/m2-sec = 2.5 × 10-10 g-glass/m2-sec (C.5b)
and

k mod ≅  1.4 × 10-11 mol-glass/m2-sec = 1.4 × 10-9 g-glass/m2-sec (C.5c)

 if the pH decreases or increases by an order of magnitude, respectively. The range of 2.2 × 10–12

and 2 × 10-11 mol/m2-sec is our current best guess of the likely range of modified dissolution rate
constants ( k mod) under near-ambient conditions. However, there is a very limited chance that
the rate could increase to 4.5 × 10–10 mol/m2-sec if the pH rises to about 12. There is also a
chance, more likely than the high pH rate constant, that the rate will slow down to near-
saturation values of 2.4 × 10–14 mol/m2-sec. Rate constants are not expected to be lower than
2.4 × 10–14 mol/m2-sec or higher than 4.5 x 10-10 mol/m2-sec.

C.2 Reactive Surface Area

 Determining the reactive surface area of melt glass is a problem that is complicated by
the heterogeneous nature of the glass and, to a lesser degree, by the difficulty in understanding
how changes in area occur over time as a function of progressive glass dissolution.

 Photos of nuclear melt glass taken from post-test exploratory tunnels at Rainier Mesa
(e.g., Wadman and Richards, 1961) show that the glassy zone is a breccia of rhyolite blocks,
introduced during cavity collapse, incorporated into a melt glass horizon that is variably cracked
and vesiculated (full of gas bubbles and having a texture similar to pumice). The relative
proportions of massive, fractured, and vesicular glass are unknown, and their distributions in
space are probably chaotic. In addition, when glasses cool from the outside, thermal gradients
normal to the cooling surface produce differential thermal contraction that causes cracking.
Reactions between the melt glass and water will give rise to hydrous alteration products that
have a tendency to decrease permeability. Long term dissolution will also modify the reactive
surface area of the glass.

 To begin to address these issues, Bourcier et al. (2001) measured the specific reactive
surface areas of intact rhyolite glass cores with a variety of textures. The rhyolites are used as
analogues for melt glass. The average surface area measured was

As
m~ 0.0026 m2/g-glass (C.6a)

 with a standard deviation of 0.0019 m2/g. Bourcier et al. (2001) recommended that a range of

As
m  ~ 0.001 to 0.01 m2/g-glass (C.6b)
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 be used for nuclear melt glass reactive surface area. This range was representative of glasses with
a wide range of permeabilities and porosities. However, these samples probably had higher
surface areas in general than melt glasses because melt glasses contain zones of massive glass in
addition to the zones of brecciated and vesicular glass. The reactive surface area of massive glass
could not be measured because it is impermeable. Water will contact only fractured surfaces in
massive glass.

 The reactive surface areas of fractured, man-made glass cylinders reported by Baxter
(1983) are on the order of As

m~ 0.00005 m2/g, which is much lower than our measured reactive
surface areas for vesicular and brecciated natural glass samples. Baxter’s measurements were
made on glass logs two feet in diameter and ten feet in length. The logs fracture during cooling
due to thermal gradients, and dissolution in the reactive surface area test was localized along
these fractures.

 In recognition of the limited surface area of massive glass, the lower value of
As

m~ 0.001 m2/g recommended by Bourcier et al. (2001) is being used in the CHESHIRE HST
calculations at LLNL. However, the higher surface area of As

m~ 0.01 m2/g is being used in
sensitivity calculations. Considerable uncertainty still exists regarding the spatial heterogeneity
of reactive surface area owing to a lack of knowledge of in-situ conditions and of discrete flow
paths in the melt glass zone.

 Thus, we recommend fixed12 values of As
m  in the range 0.001 to 0.01 m2/g-glass be used

in GOLDSIM sensitivity studies. In addition, we will assume, for simplicity, that the overall rate
of dissolution will be small enough so that changes in intrinsic area, volume, and mass of the
melt glass ( A, Vg, and M g ) will not be needed in the simplified source term calculations. This
would imply that the derived values of As

m , As , and ρb  will remain effectively constant.
Additional studies related to the overall viability of this assumption are underway.

C.3 Temperature Dependence of Dissolution Rate

 The rate constants (k) for glass dissolution vary with temperature according to the
Arrhenius equation using an activation energy (Ea) of 20 kcal/mol:

ln
k
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E
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T T
T T
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2 1

2 1









 = ⋅

−
(C.7)

 This expression will not be needed in the current analysis because the temperature is assumed
fixed at 25°C for all time.

                                                  
12 By “fixed,” we mean “constant” for the duration of a simulation. Different values may be used in different
simulations, of course.
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Appendix D:  Some Errors in the CAMBRIC Simulations
that Confused Interpretation

 During the time this report was being prepared, two errors in the CAMBRIC simulations
were uncovered that made comparison of the simulation results with the simplified source term
predictions difficult. Both of these involve an incorrect or inconsistent (or both) specification of
the melt glass inventories of Cs, Eu, Pu, and Am in the simulations.

D.1 First Error

 In the first error, the radiologic melt glass inventory of Am, and to a smaller extent, those
of Pu, Eu, and Cs, were specified incorrectly in the model, even though they can be readily
calculated from the inventory and partitioning information in Tables 1 and 5 of the simulation
report (Tompson et al., 1999, or “TBP”). Although the correct “target” inventories for the melt
glass are included in Table 9 (p. 35), they are ultimately specified in the model via the
stoichiometric coefficients (ν ) that appear in Equation 4 of the report (p. 47). In the case of Cs,
Eu, and Am, these were calculated incorrectly because of an error in computing the “Weight %
Oxide” information in column 5 of Table 9 (p. 35) of the report. Here the stoichiometric factor of
2 between the moles of the element and moles of the oxide was not accounted for in the
calculation and the “factor of two” error was propagated into Column 7 of Table 9 and then into
Column 2 of Table 8. In the case of Eu and Cs, the errors were diluted by the fact that natural
abundance of these elements was incorporated into the calculation13 from Column 6 of Table 9.
The end result was that the elemental compositions of these radionuclides, reported as moles per
100 grams of glass in Column 7 of Table 8 and later inserted into Equation 414, were incorrect.
In the case of Pu, an error was created because of an incorrect specification of its molecular
weight. Corrected versions of Tables 8 and 9 and Equation 4 of TBP are presented below in
Tables D-1 to D-3.

 For comparison, let us recompute the melt glass release flux for 241Am based upon the
“actual” (yet incorrect) inventory used in the simulation. Here, we insert the “as-simulated”
value of ν  for 241Am found in Equation 415 of the report into Equation 3.11 to obtain:

J V A kg g s≈ ⋅ ⋅ ⋅ν mod

= (1.2 × 10-6)(402 m3)(118 m2/ m3) (10-13.36 mol/m2-s)
= 2.48 × 10-15 mol/s
= 7.84 × 10-8 mol/y (D.1)

                                                  
13 See further discussion of this in Section D.2 below.
14 Although reported per 100 g of glass in the last column of Table 8, they are subsequently scaled to moles per
10,000 g glass in Equation 4.
15 We verified that the value in Equation 4 actually appeared in a revised database used in the simulations.
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 (compare with Equation 5.5b). Thus, we see in Figure 5.1 that although this “actual” glass flux
changes the tail of the simplified release prediction, it does not seem to close the order-of-
magnitude gap between the simplified release and the apparent glass flux in the corresponding
simulation. Some additional discussion on this is included in Section 5.2.

Table D.1. Corrected version of Table 8 in the simulation report of Tompson et al. (1999).
Unshaded rows: approximate composition of rhyolitic melt glass at CAMBRIC based upon data
in Schwartz (1984). Shaded rows: approximate radioactive oxide composition in rhyolitic melt
glass at CAMBRIC based upon inventory and partitioning data in Table D.2, molecular weights
of the elements and oxides, and an estimate of 905 Mt of glass produced at CAMBRIC.

Oxide Element

Wt. % Mole % Mol/100g Wt. % Mole % Mol/100g

O 49.6 64.2 3.1

SiO2 75.9 82.5 1.26 35.5 26.1 1.3

Al2O3 13.7 8.8 0.13 7.3 5.6 0.27

Fe2O3 3.1 1.3 1.9×10-2 2.2 0.8 3.9×10-2

Na2O 1.1 1.2 1.8×10-2 0.9 0.8 3.7×10-2

K2O 2.9 2.0 3.0×10-2 2.4 1.3 6.1×10-2

P2O5 0.1 0.05 8.1×10-4 0.05 0.03 1.6×10-3

CaO 2.3 2.7 4.1×10-2 1.6 0.8 4.1×10-2

MgO 0.9 1.5 2.3×10-2 0.6 0.5 2.3×10-2

SrO 0.047 0.03 4.56×10-4 4.0×10-2 0.009 4.56×10-4

PuO2 3.7×10-4 0.00 1.37×10-6 3.27×10-4 2.83×10-5 1.37×10-6

Am2O3 1.45×10-6 0.00 2.72×10-9 1.32×10-6 1.13×10-7 5.44×10-9

Eu2O3 1.2×10-4 0.00 3.29×10-7 1.0×10-4 1.36×10-5 6.58×10-7

Cs2O 2.1×10-4 – 7.52×10-7 2.0×10-4 3.11×10-5 1.50×10-6

Totals 100 100 100 100
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Table D.2. Corrected version of Table 9 in the simulation report of Tompson et al. (1999). Radionuclide
abundances in melt glass at CAMBRIC based on 905 Mt of glass.

Element
Abundance

(mol) % in glass
Moles in

glass
Wt% Oxide

(rad)
Wt% Oxide

(natural)

Wt% Oxide
(total in
model) Oxide

90Sr 3.4E-03 25 8.61E-04 9.9E-09 0.047 4.7E-02 SrO
137Cs 1.1E-02 10 1.07E-03 1.7E-08 0.00021 2.1E-04 Cs2O

155Eu 8.5E-05 95 8.04E-05 1.6E-09 0.00012 1.2E-04 Eu2O3

239Pu 1.3E+01 95 1.24E+01 3.7E-04 0 3.7E-04 PuO2

241Am 5.2E-02 95 4.93E-02 1.45E-06 0 1.45E-06 Am2O3

Table D.3. Corrected version of Equation 4 in the simulation report of Tompson et al. (1999).
Coefficients represent ratio of moles of the element to moles of glass, where 1 mole of glass = 10,000 g
of glass. Boldface indicates changed values.

Melt glass + 110.59 H+ = 55.215 H2O  +  0.965 O2(aq)  +  126.24 SiO2(aq)  +  26.888 Al3+

+  6.58 ×××× 10–5 Eu3+ +  3.6861 Na+  +  6.06 K+  +  1.367 ×××× 10–4 Pu4+

+  2.27 Mg2+  +  1.504 ×××× 10–4 Cs+  +  4.56 ×××× 10–2 Sr2+  +  3.86 Fe2+  
+  4.07 Ca2+  +  5.44 ×××× 10–7 Am3+  +  40.16 HPO4

2-

 We have verified that these errors were not repeated in the recent classified Frenchman
Flat simulations (Pawloski et al., 2000) nor in the recent CHESHIRE simulations (Pawloski et al.,
2001).

 For convenience, we recomputed the exchange volume release component based upon the
dispersion formulation in Equation 3.4 above using a longitudinal macrodispersivity (αL) of
17 m. With the exception of the slightly delayed speak arrival we see a more plausible exchange
volume release in this result.

 

D.2 Second Error

 The second error is related to the fact the both radiologic and naturally occurring amounts
of Sr, Cs, and Eu were incorporated into the melt glass of the simulations16 (e.g., Table 9, p. 35,
TBP). However, they were, mistakenly, not incorporated into the initial exchange volume
concentrations of these elements (e.g., Table 12, p. 59, TBP). Thus, the simulated integrated
fluxes for Sr, Cs, and Eu in the report are inconsistent or incomplete as a result. As is, the flux
results cannot be deconstructed, prior to decay correction, into their radiogenic and natural parts.

                                                  
16 Note that there is no naturally occurring Am in the simulations.
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This would have allowed for a proper decay correction using different half-lives for the
radiogenic and natural components to be applied, and a proper understanding of the radiogenic
source term to be determined. Instead, the flux results were improperly decay-corrected using the
half-life of the radiogenic component only, and over-represent the magnitude of the radiogenic
source term flux.

 Thus, trying to reproduce the simulated fluxes of Sr, Cs, and Eu using the simplified
source term results would be somewhat of a haphazard process, as one would have to utilize the
exact inventories used, albeit incorrect, and repeat the improperly applied decay correction. We
chose not to do this for this report.

 For reference, we have verified that only the radiogenic radionuclides were considered
the recent classified Frenchman Flat and CHESHIRE simulations (Pawloski et al., 2000, 2001). No
naturally occurring counterpart elements were built into the initial exchange volume or melt
glass inventories in these simulations, so this problem was not repeated.
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